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Abstract 
Nonwoven-fabrics have been in use since 1930s. Their advantages over other web 
fonnation methods like knitting and weaving have attracted many industries such as 
aerospace, automotive, sports, geotextiles, composites, battery separators etc. to 
explore and increase their usage. During nonwoven manufacturing, most of the laid 
loose webs have an insufficient strength as fonned, and require an additional bonding 
procedure in order to provide the produced nonwoven with its intended properties. To 
achieve the desired properties of the nonwoven web, the bonding process is therefore, 
the most important part during production. The thennal bonding through air is one of 
the modem techniques which is incrementally improved to increase the yield of 
manufactured nonwoven properties. The system has a disadvantage which is, that the 
production capacity and energy efficiency is very low. The entitled research aims an 
industrial optimisation of the thermal bonding through air by entailing a strategic 
approach and encompassing the whole process chain of the thennal bonding process. 
The comprehensive and flexible optimisation opportunities provided by the CFD has 
been used to aid in the control and optimisation of the thermal bonding process and 
machinery. To optimise the process and product quality, the complex system 
composing of several components and various physical phenomena occurring during 
processing is simulated using a hierarchical methodology. More specifically a 
hierarchical decomposition procedure to recast the original multi scale problem as a 
sequence of three scale decoupled macro-, meso-, and micro scale subproblems is 
exploited. The methodology is applied in conjunction with the validation of 
experiments on through-air bonding product lines. 2D and 3D computational fluid 
dynamics (CFD) models based on the continuum modelling approach and the theory 
of porous media coupled with the theory of mixtures are developed to treat the flow 
behavior, heat transfer, phase change and air moisture transport within the whole 
through-air bonding system. The model is concluded to be an economic 
computational tool hence providing rapid process optimisation and valuable 
infonnation early in the process, which can replace costly experiments and ensure 
product consistency under variable process and climate conditions. 2D and 3D hybrid 
modelling considering parametric discrete and continuum parts is also perfonned 
using conjugate heat transfer analyses. The approach precisely permits the 
optimisation of the machine component design and the associated optimisation of 
consistent process and product properties. 
Keywords: CFD, Continuum, Hybrid, Conjugate heat transfer, porous media, nonwoven, thermal bonding 
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Chapter 1 
Introduction 
The entitled research "Numerical Modelling of Nonwoven Thermal Bonding Process 
and Machinery" is sponsored by the company COLBOND bv., the Netherlands, and 
I 
is undertaken at Loughborough University, UK. COLBOND is a leading global 
producer and supplier of three-dimensional matrix and synthetic nonwoven fabric 
products. The company is headquartered in Arnhem, the Netherlands, and has over 
625 employees world wide with a turnover of approx. EUR 150 million/year. 
One of the products developed and produced by COLBOND is Colback®. The 
product is used for primary and high-grade backing, for example, in flooring or the 
automobile industry as support medium for cabin air filters, or carpets. Colback® is 
produced by laying a sheath-core type continuous bi-component yam onto a 
continuous belt, which is led through a rotating bonding drum. 
The loose web is pressed between the conveyor belt and the perforated drum with 
controlled pressure. Hot air is guided through the belt, web and the bonding drum 
with an initial temperature as high as the sheath polymer melting point. This yields to 
soften the sheath component and a melt flow forming bonding points between 
filaments at contact points. 
The core component maintains its structure and mechanical properties, as the hot air 
does not reach the melting point of the core. In the last section of the drum cold air is 
supplied to the system in order to solidify the molten sheath polymer and fix the 
structure of the, now bonded, nonwoven. 
The system has a disadvantage which is, that the energy efficiency is very low. The 
current Colback® bonding drums are limited in their capacity, due to limited 
residence time, burner capacity and/or circulation fan capacity restrictions. 
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Depending on line and product type, most Colback® machines are limited in 
production speed at around 30 to 35 mlmin. 
Over the next few years a development will be necessary and Colbond will have to 
invest in new through-air bonding systems, or in an alternative bonding technology. 
Under these aspects, the purpose ofthe project is to 
• Develop, test, and implement a CFD model, to optimise the design of the 
current system in order to improve capacity and energy-efficiency of the 
through-air bonding technology as it is used for Colback®. 
1.1 Background and Motivation 
N onwoven fabrics have been in use for a long time now. Their advantages over other 
web formation methods like knitting and weaving have attracted many industries such 
as aerospace, automotive, sports, geotextiles, composites, battery separators etc. to 
explore and increase their usage. The path to the manufacturing of nonwoven 
structures was pursued in evolutionary as well as revolutionary ways. 
During manufacturing, most of the laid loose webs have an insufficient strength as 
formed, and require an additional bonding procedure in order to provide the produced 
nonwoven with its intended properties. Bonding techniques based on chemical, 
mechanical and thermal processes were invented and introduced during the last 
decade, and some of them were incrementally improved to increase the yield of 
manufactured nonwoven properties. 
The mechanical properties such as tensile strength, tear strength and bending 
properties of nonwoven webs exceedingly depend on the degree of bonding. To 
achieve the demanded properties of the nonwoven webs, the bonding process IS 
therefore, the most important part during production. 
To study and optimise the thermal bonding process, it is necessary to investigate the 
effects of processing parameters on the development of the strength of the bonded 
joint. In order to test the sensitivity of the processing parameters, one can either 
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perform a senes of bonding experiments changing values of the processing 
parameters, or develop a model for simulating the process. 
The process engineer has relied on experience and "trial and error" approaches to 
improve the thermal bonding of nonwoven fabrics. Very little analysis of process 
physics and calculations were done to approach a prototype development of the 
bonding process. Even the choice of the thermal bonding method was dictated by 
familiarity and experience rather than appropriateness and methodology. This has 
proved to be very expensive. 
A variety of tools are available for modelling processes, ranging from fully analytical 
models to fully numerical models. Analytical models are normally very accurate, but 
typically they are limited to simple geometry otherwise they become too complicated 
to treat. On the other hand, numerical methods, such as finite element/volume 
analyses, enable modelling complicated geometry in a relatively short time while 
providing a solution sufficiently accurate for engineering purposes. 
These methods simulate complex processes virtually, resulting in quantitative 
reductions in physical prototype costs and reduced product development time. In 
addition, it provides qualitative benefits such as the ability to consider more designs, 
efficiency gains, enhanced capacity, and the availability of valuable information early 
in the process. 
The numerical approaches of computational fluid dynamics or CFD have, in most 
cases, proven to be much more powerful than the closed-form analytiCal solutions of 
the past. Thus, without computational fluid dynamics, detailed flow and heat 
transport characteristics essential to improving the understanding of the process can 
not be calculated. It should be recognized that both experimental and CFD require 
resources. 
The cost of experiments in some cases can be prohibitive as, testing of expensive 
components. In such cases, it may be possible to reduce the number of experimental 
tests by using CFD, since only a relatively small number of experiments are required 
to check the accuracy of the numerical results. 
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Of course, the cost of obtaining accurate numerical solutions of differential equations 
may also be large for a complex flow, but still are usually much less than the cost of 
the additional experiments that would otherwise be required. In reality, the most cost-
effective approach to solving a fluid dynamics or heat transfer problem is likely to be 
a combination of measurements and modelling. 
Both are subject to uncertainties, but the combination of these two approaches can 
result in a more cost effective and more reliable process control than by using only 
one approach or the other, and thus may be necessary to meet today's more stringent 
requirements for improved performance and reduced environmental impact, along 
with technical annotation and economy. 
The thermal bonding technology of nonwovens has been used with a number of 
thermoplastic fibres. It offers significant energy conservation with respect to chemical 
bonding because of effective thermal contact and because no water needs to be 
evaporated after bonding. The thermal bonding options can be categorised into three 
main groups: conductive, radiant and convective heat bonding of the web under 
controlled heating. 
Conductive heat bonding of nonwovens such as hot calendering has become well 
established due to the advantages of reduced energy requirements, higher speeds, 
cleanliness, space savings, improved product properties and versatility. In parallel to 
industrial developments, significant research efforts have been directed to the 
conductive thermal bonding technique, which has led improvement of the processes. 
In recent years, several research projects investigated the performance in thermally 
pointed bonded nonwovens, the role of fibre morphology in thermal bonding, and 
research like these contributed significantly to a better understanding of the process, 
the structure of the bonded fabric, the bonding mechanisms and failure modes. 
Radiant heating systems like infrared (I-R) provide an economical approach to 
thermal bonding, generally having low installed cost and being relatively thermally 
efficient. 
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The difficulty with the use of I-R is the control of temperature and depth of heat 
penetration. Its application to the thermal bonding of nonwoven fabrics is generally 
limited to a glazing of one or both surfaces of light weight needle punched fabrics. 
On the other hand, convective thermal bonding techniques such as hot-through-air 
bonding used in the production of low density, voluminous, soft, strong, breathable 
and absorbent nonwoven fabrics has not received the same level of attention from the 
researchers as the conductive heating systems. Developing a bulky nonwoven web in 
this system requires the use of high linear density fibres, or bi-component fibres 
consisting of core and sheath polymers with a low melting sheath. 
Webs may be formed by spunlaid, dry laying or wet laying. The process mechanics of 
the through-air bonding is simple, in that it relies upon passing heated air through an 
unbonded permeable nonwoven web, usually wrapped around a perforated rotating 
drum. Due to forced convection, all the fusible fibres, or if bi-component fibres are 
used, the sheath component soften, melt and flow towards the crossover point of 
adjacent fibres in contact and a glue-like bond forms to provide strength to the 
nonwoven. An illustration of a through-air bonding process is presented in Figure 1.1. 
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Figure 1.1: Sketch oh typical through-air bonding machine 
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Hot air is transported through the web, flows over each individual fibre, therefore, 
increasing the effective heat transfer area, results in heat transfer rates much higher 
than the heat conduction methods. Bonding involves each fibre since they are all 
assumed to be subjected to airflow with uniform temperature, unlike the localised 
bonding obtained from most hot calendering processes. 
Heat transfer is very rapid, so the temperature of the fibres can be controlled 
accurately, which permits softening or melting of the lower-melting polymer while 
protecting the higher-melting fibres from thermal damage. 
Uniform temperature and airflow are essential for the product quality. However, it is 
recognised that the optimum heating and bonding conditions for the through-air 
bonding is difficult to establish. The nonwoven fabrics will be weak if there is 
insufficient bonding; on the other hand, the fibres will melt and are subjected to 
plastic deformation if excessive heat is applied. The effect of the water vapour 
content in the air is another issue that affects the process conditions. 
Despite its advantages such as the product versatility with wide-ranging properties, 
the through-air bonding process has the disadvantage of relatively high energy 
consumption. It is therefore, essential to evaluate the optimum flow condition and 
heat transfer from the hot air penetrating into the permeable web for the improved 
product quality and energy savings. 
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1.2 Research Objectives 
The main objective of this thesis is to develop, test and implement a computational 
model, to optimise the process and product of the through-air bonding technology in 
order to improve production capacity and energy efficiency. 
In particular, to achieve the mam goal of the research, the following specific 
objectives are undertaken: 
Experimental Investigations 
• Determination of various material and process parameters used to obtain 
appropriate boundary conditions for the CFD simulations. 
• Collection of validation data for the verification of the numerically calculated 
CFD analysis. 
Mathematical Modelling 
• The mathematical formulation of the physical sub problems occurring during 
the through-air bonding process using a continuum modelling approach. 
Computational Modelling 
• Macro modelling of the through air bonding system 
• 2D and 3D solid-, continuum modelling of a 5° sector of the through air 
bonding system comprising the conveyor belt, nonwoven fabric, drum cover 
and the drum. 
• The development and implementation of CFD models, and the solution of 
the formulated mathematical equations using tHe finite volume method. 
• Verification & comparison of the 2D and 3D CFD models with the 
experimentally measured nonwoven temperature results. 
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• Meso modelling of the porous nonwoven fabric using CFD technique 
• 2D solid-, continuum modelling of the sole nonwoven layer. 
• Incorporation of the CFD results from the macro model as boundary 
conditions into the meso scale model. 
• Calculation of the melting process of the bi-component fibres. 
• Micro modelling of the conveyor belt for component design optimisation 
• 3D parametric modelling ofthe discrete geometry ofthe conveyor belt. 
• 3D hybrid modelling of discrete belt and continuum nonwoven web. 
• Conjugate heat transfer modelling in 3D and 2D using CFD 
• Computational parametric studies to determine the effect of belt pitch size, 
belt thread diameter and the material type used on the thermal behaviour 
of the belt and the associated thermo-fluid flow behaviour of the 
nonwoven web. 
Process Optimisation 
• Performing sensitivity analyses for process optimisation 
• Parametric CFD study using design of experiments (DOE) to aid in the 
optimisation of the thermal bonding process and determine parameters 
affecting the thermal bonding time and energy consumption during 
processing. 
• Parametric CFD study to propose the optimum configuration of the 
examined parameters to optimise the current through air bonding process 
performed on the pilot scale machine at COLBOND bv. 
• Parametric CFD study to determine the effect of machine component 
material type on the thermal bonding time and energy efficiency as well as 
the product quality that is related to thermal gradients within the 
nonwoven fabric. 
• Computational study to determine the affect of fibre & web properties on 
the bonding process. 
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1.3 Research Novelty 
The research departs from earlier studies in several aspects. First, the novel macro 
model comprising the machine components and the fibrous nonwoven web 
incorporates an experimentally determined flow resistance into the momentum field 
equation as an additional constitutive equation. 
The momentum equation comprises not only the effect of viscous resistance in terms 
of the usually used Darcy's law (Darcy 1856), but, also characterises the whole 
system macroscopically considering the effect of inertia on flow though the porous 
layers using the Forchheimer term (Forchheimer 1901). This enables the simulations 
to consider the nonlinear flow behaviour of the system components and thus model 
the deviations from the Darcy regime. The macro model is concluded to be an 
economic computational tool hence providing rapid process control and valuable 
information early in the process, which can replace costly experiments and ensure 
product consistency under variable process and climate conditions. 
Second, the meso model linking the macro analysis results with the fibre properties of 
the nonwoven fabric enables the investigation of the nonwoven product properties 
thoroughly by considering the phase change of the sheath fibres during processing. It 
is a powerful process optimisation tool with the given ability to investigate the 
product properties for different fibre types. 
Another novelty is that the numerical calculations are performed in two- and three 
dimensional formulations of the problem. Based on the comparative analysis, very 
good correlation between the 2D and 3D approaches is achieved, which suggests that 
the use of the proposed 2D model for modelling the through-air bonding process 
provides sufficient accuracy. 
Furthermore, the research is the first example in which the through-air bonding 
system representing the components of a typical industrial machine including the 
conveyor belt, the porous nonwoven web, drum cover and the perforated drum, is 
modelled and experimentally verified. 
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Hence, the conveyor belt has been identified as the machine part that achieves the 
highest temperatures and effecting the thermal bonding time; the unique 3D micro 
model of the conveyor belt permits the machine design optimisation considering the 
discrete structure of the conveyor belt. A hybrid model comprising the discrete belt 
and a porous continuum model representing the nonwoven fabric is proposed and 
analysed in 3D and 2D using combined CFD and conjugate heat transfer approach. 
Rapid process control using 2D analyses investigating the thermal behaviour of the 
belt as well as the effect on the nonwoven structure are targeted. Analyses are 
performed to determine the effect of belt pitch size, belt thread diameter. The thermal 
gradients within the belt thread are shown in 3D departing from an isothermal 
analysis where this can not be predicted. 
Finally the methodology is applied in conjunction with a surrogate framework; 
especially, for the validation of expensive experiments on through-air bonding 
product lines, and to improve their efficiency and production capacity associated with 
new machine component designs. 
1.4 Research Methodology 
The through air bonding process IS a complex system composing of several 
components and various physical phenomena occurring during the thermal bonding 
of the porous nonwoven fabric. In particular three problems of engineering interest 
are addressed: Air flow through the machine layers and the nonwoven web, heat 
transfer to the web, melting of the web material and air moisture transport. 
To optimise the process and product quality, the complex system is simulated using a 
hierarchical methodology. More specifically a hierarchical decomposition procedure 
to recast the original multi scale problem as a sequence of three scale decoupled 
macro-, meso-, and micro scale sub problems is exploited. This approach departs 
from earlier models where the usually macro-micro scale is used. Dividing the main 
process into sub problems and solving each sub problem leads to the solution of the 
whole process which is composed of several complex problems. This enables the 
process to be analysed efficiently and economically. 
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At the macro scale level, 2D and 3D computational fluid dynamics (CFD) models 
based on the continuum modelling approach are developed to treat the flow behavior, 
heat transfer and air moisture transport of the whole through-air bonding system. The 
macro analysis provides both accurate approximations and effective behaviour of the 
bonding system. 
First, it mitigates the numerical difficulties associated with the geometric and 
physical difficulties of the micro problem which arise due to the high geometrical 
scale difference between the machine components and individual fibres, second it 
investigates the behaviour of the whole system components including the meshed 
wire structures and the perforated drum. 
At the me so scale level, a computationally intensive approach permits additional 
consideration of more complex physics such as, phase change during the melting-
solidification ofthe bi-component fibres. The model considers the fibres' geometrical 
information and constitutive equations describing the material behaviour. The 
approach considers the fibre thickness, sheath fraction, and thermo physical 
properties like melting temperature, latent heat of fusion and the liquid fraction to 
determine the properties of the fabric. 
The CFD results from the macro model are incorporated as boundary conditions into 
the meso scale model, making this approach among other modelling techniques 
unique by considering the flow resistances and thermal interactions of the machine 
components. This approach enables the analysis of the melting process on a 
representative intermediate level accurately rather than on micro level of individual 
fibres. 
The micro scale level, investigates the conveyor belt that reaches the highest 
temperatures, and heat consumption rates. It has a main effect on the thermal bonding 
time hence a direct effect on the production rates during the bonding process. The 
discrete geometric structure is parametrically modelled considering the wire 
thickness, pitch size and the crimp of the wires. 
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The material and thermo physical properties together with the discrete geometrical 
prope.rties precisely permit the optimisation of the machine component design and the 
associated optimisation of consistent process and product properties. 
A hybrid model is proposed considering the discrete belt structure and the nonwoven 
fabric which is considered to be as a continuum porous media. A conjugate heat 
transfer analysis using CFD technique is performed. The approach is performed in 2D 
and 3D. Parametric studies are performed to determine the effect of belt pitch size, 
belt thread diameter and the used belt material type effect on the belt thermal 
behaviour and the associated nonwoven web. 
The process simulation chain in Figure 1.2 illustrates the general methodology to 
achieve an optimised process providing consistent product quality. The problem is· 
described using mathematical formulations for the solution of the fluid flow, heat 
transport and the species i.e. the air moisture transport within the through-air bonding 
system. 
The problem is then converted into the computer platform using solid modelling of 
the system. 2D and 3D modelling is performed. Following this procedure the 
computational domain is numerically discretised to enable the solution of the 
mathematical formulation. 
After applying the experimentally and theoretically determined boundary and initial 
conditions, the CFD technique based on the finite volume method (FVM) is used for 
solving the mathematical equations. The numerically calculated simulations are 
analysed and interpreted. 
The performed experiments are used for the verification. Based on the comparison 
study, the product optimisation is attempted or the process is controlled and again 
optimised till the desired accurate results are achieved. 
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Figure 1.2: Process modelling methodology ofthe through-air bonding system 
1.5 Outline of the Thesis 
This thesis is divided into 9 chapters. The outline of the chapters is as follows: 
• Chapter 1 provides a general background on the through-air bonding process, 
and introduces the problem of interest, research objectives, novelty and the 
methodology of this research. 
• Chapter 2 comprises an intensive literature review of previous studies and 
related work to this research. Information about the nonwoven web 
technology is also given. The thermal bonding process and its modelling 
concepts for different methods are reviewed. 
Important process parameters are discussed. The continuum modelling 
approach is explained. The principles of computational fluid dynamics (CFD) 
analysis, as well as its valuable aid in the design and modelling flow 
behaviour are elucidated. 
• In Chapter 3, experimental techniques used to determine various material and 
process parameters used in the thermal bonding process and machinery are 
discussed. 
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The obtained results are used to supply appropriate boundary conditions for 
the computational fluid dynamics (CFD) simulations and provide data for the 
verification of the numerically calculated results. 
The air velocity is measured with a rotating vane anemometer. The thermal 
conductivity of nonwoven structures is studied with a heat conduction unit. 
Air permeability tests are performed to calculate the viscous, inertia 
resistances and the porosities of the system components. 
Finally, temperature measurements are carried out using thermocouples to 
investigate the temperature distribution of the nonwoven web over time. The 
obtained experimental results are presented and discussed. 
• Chapter 4 is dedicated to the mathematical formulation of the computational 
models. It concentrates on the treatment of the field equations i.e., continuity, 
momentum and energy equations derived using the continuum modelling 
approach restricted to the theory of mixtures and are applied to the porous 
media concept in CFD. 
Constitutive equations are used to characterise individual materials and their 
reaction to applied loads. The used equations are presented for the thermo-
fluid flow, heat transfer, phase change of the fibres, and the air moisture 
transport during the through air bonding process. 
Material and thermo physical effective properties are calculated using the 
continuum theory of mixtures. The properties are used as boundary and 
process values for the computational modelling process. 
• In Chapter 5 the representation of the through-air bonding system i.e. solid 
modelling is presented. For the macro scale modelling, the 3D through air 
bonding machine based on the concept of continuous medium is modelled in 
full scale. 
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Computational models of a 5° sector of the computational bonding domain 
involving the conveyor belt, porous nonwoven web, druni cover and the drum 
are developed in 2D and 3D. The developed models are discretised, boundary 
and initial conditions are specified. 
• In Chapter 6, the CFD technique is applied to calculate the air flow, heat 
transfer and the air moisture transport within the computational domains. The 
macro model simulation results of the 5° sector are calculated both for 2D and 
3D structures. Simulation results of the meso model approach concerning the 
porous nonwoven fabric are presented. The phase change of the bi-component 
fibres during melting is modelled. The comparison and discussion of the 2D, 
3D simulation results with the experimental measurements are discussed. 
Based on the results it is shown that correspondence between the 2D, 3D 
approaches and the experimental measurements is obtained. Furthermore, the 
use of a 2D version of the model for process control and optimisation of the 
through air bonding process is concluded to be satisfactory. 
• The Chapter 7 comprises the process optimisation of the through air bonding 
system. Sensitivity analyses are performed using various process parameters 
and material properties both on macro and meso scale. Parametric CFD case 
studies based on experimental design plans are performed to determine the 
main parameters effecting the thermal bonding time and the total amount of 
energy absorbed by the nonwoven fabric. Potential improvements of the 
process to achieve energy efficiency and higher production capacity are 
proposed. Material type suggestions for the belt/drum cover are attempted 
upon a comprehensive parametric computational study. The CFD model is 
shown to be a powerful tool that accurately simulates the process, offering an 
economical alternative to experimental investigations. 
• Chapter 8 deals with the mICro modelling of the conveyor belt and the 
nonwoven fabric. The discrete geometric model of the belt is created 
parametrically using ANSYS® parametric design language and imported into 
GAMBIT® and FLUENT®. 
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• A hybrid model is introduced combining the discrete belt structure with a 
macro level continuum model representing the nonwoven fabric. A 
comparison study in 2D and 3D is given to show the limits and validity of a 
2D model for the design of the belt. The analysis is performed using conjugate 
heat transfer calculations. A parametric study for the design of an optimised 
belt component and its effect on the nonwoven fabric is presented. The effect 
of belt pitch size, thread diameter is depicted. A parametric study in 3D 
comprising the belt material effect is presented. 
• The present study ends with Chapter 9, discussing the conclusions from the 
study. Also, a summary of recommended future research is depicted. 
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Literature Review 
This chapter summarises the fundamental concepts used for the modelling of thermal 
bonding process and machinery in porous fibrous media. The used porous material 
model i.e. the nonwoven is elucidated as well as the porous media concept is briefly 
mentioned. A review of related work published in the literature is discussed with the 
aim of an understanding of the basics needed for executing the present research. 
2.1 Nonwoven Materials 
Textile technology comprises a large number of scientific disciplines e.g., chemical 
engineering, polymer technology, material science, process engineering, and 
mechanical engineering. The knowledge and applications of these fields must be 
combined to contribute to the success of this multidisciplinary science area. Today, a 
part of the classical textile web structures formed by weaving or knitting 
technologies, another textile material called the nonwoven textile or briefly 
nonwovens is present. 
2.1.1 Definition of Nonwoven 
Nonwoven is a generic term used to describe a fabric that is produced differently 
from a fabric made by weaving or, more broadly, a fabric that is different from 
traditional woven or knitted fabrics. Like all fabrics, nonwovens are planar structures 
that are relatively flat, flexible, and porous. Unlike traditional fabrics that are made 
by mechanically interlacing (weaving) or interlooping (knitting) yarns composed of 
fibres or filaments, nonwoven fabrics are made by mechanically, chemically, or 
thermally interlocking layers or networks of fibres, filaments. 
The definitions of the nonwovens most commonly used nowadays are those by the 
Association of the Nonwovens Fabrics Industry (INDA) and the European 
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Disposables and Nonwovens Association (EDANA). For a comprehensive list of 
different definitions refer to Butten, 2007. 
2.1.1.1 INDA Definition: 
Nonwovens are a sheet, web, or batt of natural and/or man-made fibers or filaments, 
excluding paper, that have not been converted into yarns, and that are bonded to 
each other by any of several means (Butler 1999). 
The various methods for bonding are: 
a) Adding an adhesive 
b) Thermally fusing the fibres or filaments to each other or to the other meltable 
fibres or powders. 
c) Fusing fibres by first dissolving, and then resolidifying their surfaces. 
d) Creating physical entanglements or tufts among the fibres. 
e) Stitching the fibres or filaments in place. 
2.1.1.2. EDANA Definition: 
Nonwovens are a manufactured sheet, web or batt of directionally or randomly 
orientedfibres, bonded by friction, and/or cohesion and/or adhesion, excluding paper 
or products which are woven, knitted, tufted, stitch bonded incorporating binding 
yarns or filaments, or felted by wet milling, whether or not additionally needled. The 
fibres may be of natural or man-made origin. They may be staple or continuous or be 
formed in situ EDANA (1988). 
2.1.2 Background and Application 
Facilities for producing commercial quantities of nonwoven fabrics were established 
in the United States during the 1930s. Large-scale commercial production facilities 
for nonwovens were placed in operation in the United States during the early 1940s 
and in Europe and Japan following World War H. 
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Nonwovens find numerous applications rangmg from consumer retail to high 
technology products used in automotive and construction industries. Some of the 
important areas where nonwovens are treated as primary alternative for traditional 
textiles as geotextiles, materials for building, thermal and sound insulating materials, 
hygienic and health care textiles as well as in cover stocks, agriculture, aerospace, 
home furnishings etc. An extended list of the applications of nonwoven materials is 
given in Butler, (1999). 
2.1.3 Nonwovens Process 
Nonwovens are best classified by process, because each process produces a unique 
class of nonwovens utilizing different raw materials and/or different forms of the 
same raw materials. Two major process groups for forming nonwovens are present. 
The dry formed nonwovens process which is the subject of this research, and the wet 
laid process. 
The mam distinction between two processes is the medium used to form the 
nonwoven. The dry formed process uses air to form the web, where as in the wet lay 
process the nonwoven webs are formed using water. 
Wet laid processes are similar to the processes for making paper. This type of 
processing is out of the scope of this research and will not be detailed further. The dry 
formed process used for the production of Colback® is a special type of spunlaid 
technique. 
The nonwovens are formed in one continuous process. Fibres are spun and then 
directly fed into the so called twirlers Figure 2. 1. (a) and dispersed into a web directed 
with air streams as illustrated in Figure 2.1.(b). This technique leads to faster belt 
speeds, and cheaper costs. Each twirler jet (Figure 2.1.(c)) is controlled separately, 
and the dispersed continuous filaments are laid on a conveyer belt with a unique 
circular formation to form an unbonded web (Figure 2.1.(d)). 
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a) b) 
c) d) 
Figure 2.1: Web forming process for producing Colback® 
2.1.4 Fibre Material 
The spun fibre types of webs used for the nonwovens process in this research are 
produced from continuous filament fibres; therefore, fibre length is not a variable for 
these types of nonwovens. The fibre diameter is given by COLBOND as 37.711lm 
and 31.10llm for T360 and T330 type fibres respectively. The fibres are bi-
component spun fibres that have two different polymer phases in their cross-section. 
Each phase has its own distinct properties and contributes to a particular property of 
the fibre that would not be provided without the presence of the phase. 
In this present research the bi-component fibres used are sheath-core fibres. In the 
cross section of these fibres P A6 polymer forms an outer sheath phase around the 
inner core made of PET of the second phase. Figure 2.2 demonstrates the 
photomicrograph of the used sheath-core fibre with circular sheath, shut inside a S200 
type Colback® nonwoven fabric. This particular fibre which is also the type 
considered in this research is used as thermal bonding fibre. 
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A number of sheath-core vanations are possible which can be seen in more detail in 
Hutten (2007). 
Figure 2.2: Photomicrograph oCPA6-PET sheath-core 
Bi-component fibre inside Colback® 
2.1.5 Bonding of Fibres 
The formed unbonded structure of the formed nonwoven material is bonded to 
provide the web strength and cohesion between the fibres. This is performed in 
several ways e.g., mechanically, physically or chemically. When the web is 
mechanically bonded, the fibres are entangled, e.g. with water jets or with a needle 
bed or by consolidating the fibres using knitting elements as in stitch bonding. 
The chemical bonding involves the use of chemical binder or resin to bond the web. 
The physical bonding technique i.e. bonding the web thermally is the subject of this 
research. Thermally bonded nonwovens get their internal cohesion by melting of the 
fibre surfaces together at their contact points. 
Usually the thermoplastic fibres are made ofbi-component fibres as is the case in the 
present research. A short and sudden temperature rise will melt the surface of the 
fibres to stick them together, but as the core of the fibres will not melt the fibre 
structure remains intact. 
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The heating process can be via squeezing the web between heated rolls (calendering 
or embossing), or using high intensity ultrasonic energy to melt and fonn bonds from 
the thennoplastic fibres, or as is the current subject the web can be thennally bonded 
passing the web through a hot air dryer. The last alternative is known as the through-
air bonding process. 
2.2 Porous Medium 
Porous media theories play an important role in many branches of engineering 
including material science, chemical engineering, soil mechanics, biomechanics as 
well as textile technology. Porous materials are encountered literally everywhere in 
everyday life, in technology and in nature. Textiles and leathers are highly porous; 
they owe their thennal insulating properties, as well as the property that they 
'breathe' through their pores. 
Building materials such as bricks, concrete, lime stone, a bucket of sand are all 
porous. They are good thennal insulators because of their pores. Wood can be 
impregnated because of its porosity. Soil is capable of perfonning the function of 
sustaining plant life only because it can hold water in its pore spaces, and plants 
absorb this water by the action of capillaries. Humans do part of their breathing 
through the pores in their skin. Lungs and bones both have unique and elaborate pore 
structures and even hair is porous. 
Bread, cakes and pastry are all examples of porous media. For the purpose of this 
study, a solid containing holes or voids, either connected or non-connected, dispersed 
within it in either regular or random manner will be classed as a porous material 
provided that such holes occur relatively frequently within the solid (Collins 1961). 
The scope and importance of transport phenomena in porous media are emphasized in 
this research, therefore a fluid can flow through a porous material only if at least 
some of the pores are interconnected. 
- 22-
Literature Review 
This in this case refers to a permeable porous material like the nonwovens. Most of 
the approaches regarding the porous media applied in this research are equally 
applicable to a wide variety of systems ranging from textiles, fibrous beds, woods, 
ceramics and porous composite materials. Flow phenomena discussed in the present 
research is for static porous media, i.e. deformable media, as well as those whose 
morphology change due to chemical reaction are not considered. 
2.3 Related Work 
The previous work done in the area of through-air bonding process revealed that there 
was a few published research work in the fundamental mechanism and computational 
modelling of through-air bonding of nonwoven fabrics. Most of the published work 
relates to experimental and empirical studies of different process parameters and its 
effects on the physical and mechanical properties of nonwovens. Such publications 
are reviewed in the following section. Modelling concepts such as flow through 
porous media, melting/solidification of the porous media are also reviewed. 
2.3.1 The Nonwovens Process 
Randall (1984) investigated the effect of process variables such as supply air 
temperature, through air velocity, dwell time in heat zone and restraining and 
carrying wire mesh sizes on the mechanical properties of nonwoven web produced by 
bonding through air. He concluded that viscous and form drag forces on the fibres 
generated by through flow can be significant and may result in compaction of the web 
and consequent increases in mechanical strength. He also reported that strength could 
be increased significantly at the expense of bulk when restraining wire was used. 
Bulk can be increased up to four times when the restraining top wire was not used. 
Randall (1985) also investigated the effect of fibre content on the properties of the 
bonded web using a blend of single binder fibre and single matrix fibre. He varied the 
air temperature delivered to the web, binder fibre content, binder fibre type and 
product basis weight, holding the line speed and through air velocity constant. He 
concluded that for the restrained process, there exists an optimum blend where 
strength is maximised and yet the product quality is not compromised. 
- 23-
Literature Review 
In recent years, there have been some research activities and significantly more 
publications in the through-air drying process, which is of significantly relevance to 
the research work in through-air bonding process. Similar machines were used in both 
the processes by Watzl and ROckert (1998). However, the through-air bonding 
process has the added complication of heating the fibre to soften, melt and bond. 
Poirier et al (1996), and Tourigny and Ramaswamy (1998) reported methods of 
analysing the hood drying rates in drying permeable tissue and towel products based 
on two independent methods, namely the hood heat balance method and the system 
energy balance method. There appears to be a good correlation between the 
predictions of these two methods and between the predictions and the actual drying 
rate. Watzl (1998) has reported basic principles of the through-air drying process, 
which has a 50-year history. With the advent of the honeycomb style drums the 
through air process gained a new impetus. 
Ramaswamy and Holm (1999a), (1999b) reported mathematical modelling and 
experimental verification of high intensity drying of paper and board. More recently, 
Lee et al (200Ia) reported an experimental study of through-air drying of unbacked 
tufted carpets using a pilot-scale laboratory dryer and MRI (magnetic resonance 
imaging) to study the effect of vacuum extraction procedure on the moisture 
distribution and profiles. Lee et al (2001 b) also reported a transient mathematical 
model to simulate the through-air drying process for tufted textile materials, which 
provides predictions that closely agree with experimental results. 
A powerful tool, namely the computational fluid dynamics (CFD) technique has been 
tremendously improved in ,the last decade and has been extensively used in design of 
aircrafts, automotives, aero-acoustics, and combustion research and in many 
engineering applications (Fluent 2006). However, the use of CFD in the textile 
research and in industry has only began in the last few years, even through the control 
of fluid flow is very important in textile processes in general and in nonwoven 
processes in particular. 
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Tafreshi and Pourdeyhimi (2003a) reported a CFD study of flow dynamics in 
hydro entangling nozzles. They have studied the effects of cone angle and nozzle 
aspect ratio on water-jet formation. Tafreshi et al (2003b) reported a numerical study 
of the effects of orifice configuration on the water jet properties in the 
hydro entangling cone-up and cone-down geometries. 
Tafreshi and Pourdeyhimi (2003c) have presented a numerical simulation to model 
the fluid-flow behaviour inside the wet lay mixing-tank. They have utilised a two-
phase model, where fibres were treated as spherical particles with the same volume as 
fibres. Gong et al (2000), (2001) used the CFD technique to develop a process for 
manufacturing 3D web structures by shell structures. They have utilised FLUENT® 
code and have modelled the movement of fibres as Lagrangian spherical particles. By 
analysing the flow structure inside the air duct, they introduced a better air duct 
design. Gong et al (2001) in the follow up article investigated the distribution of 
velocity, pressure and temperature distribution in the bonding chamber. 
Hossain et al (2004), (2005a) have proposed a CFD model to investigate the airflow 
and heat transfer through fibrous webs. The nonwoven web was modelled as a porous 
media. Air velocity, heat of fusion and melting temperature of fibres were considered 
in the simulations. Based on an enthalpy formulation it was possible to predict the 
melting time and liquid fraction of the fibres. Darcian flow was considered neglecting 
the inertia forces. However in most of the through-air processes the fibrous web is 
guided between two meshed structures and an additional porous drum is present. This 
together with the rotational movement of the system was not considered. 
Hossain et al (2005b) presented a multiphase CFD study considering the thermal 
bonding behaviour of individual fibres. Straight cylinders were used for the 
modelling process. The model comprised a multi phase flow based on the volume of 
fraction method. The model considered the sheath fraction of the used bi-component 
fibres and included the surface tension. The liquid fraction of the sheath fibre together 
with the temperature distribution of each fibre component could be predicted. The 3D 
modelling of the fibres could also predict the bonding shape of the fibres. Bonding in 
different contact angles was investigated. 
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Mao and Goswami (2001a), (2001b) have described a mathematical model to predict 
the bonding behaviour of nonwovens in the ultrasonic bonding method using the 
finite element method (FEM). The model included the mechanics and vibrations of 
the web and horn, viscoelastic behaviour of webs and heat generation and heat 
transfer. The heat transfer was modelled using a heat conduction equation. The 
. thermodynamics properties such as specific heat and the web thermal conductivity 
were considered constant during the bonding process. Moreover, the effect of melting 
of the web was not considered in the calculation. Despite these shortcomings, the 
model reproduced the distribution temperature in the web reasonably well at different 
settings of speeds and pressures. 
Kim et al (1999) have reported a computational analysis on the thermal bonding of 
behaviour ofbi-component fibres. They have performed numerical simulations of the 
flows of sheath polymer around the bonding point to further understand the thermal 
bonding behaviour. The numerical model was based on the solution of the Navier-
Stokes equation for viscous incompressible flow, where the sheath fibre was 
considered to be in molten state. Therefore, the thermal energy equation was not 
solved and the surface tension force was considered to be the only driving force for 
the molten sheath. Their calculations successfully reproduced the characteristics 
shape of the bonding point, and the change of shape with time agreed well 
quantitatively with the experimental results. 
However, experiments showed that the time required to form a bonding point is 
approximately proportional to the 0.6 power of the fibre diameter, whereas the 
predicted time required to form bonding point varies linearly with fibre diameter. 
They could not offer any explanation for this difference. 
2.3.2 Modelling Concepts 
Through-air bonding processes of nonwovens involve several physical sub processes. 
These sub processes can be described by different modelling concepts, such as flow 
through the material, heat transfer to the material, melting/solidification of the 
material. 
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A short literature review on each of these modelling concepts in different applications 
ranging from filtration, paper making, liquid-solid phase change and porous 
insulation are given below. 
2.3.2.1 Permeability Through Nonwovens 
A good model for the relation between the structure of the nonwoven and flow 
resistance is required to get a better understanding of the through-air bonding process. 
The flow through the nonwoven web can be represented by one of three model 
varieties namely, pore models, drag force models, and orifice models. The modelling 
of flow through porous media considers the material to be a flat sheet with a system 
of cylindrical pores rectangular to the surface of the sheet. Air flows through these 
pores. In the drag models, the air is assumed to be the continuous phase in which a 
system of cylinders is present. The fluid flows along these cylinders thus causing 
flow resistance. 
In the orifice models the material is assumed to form a sudden contraction followed 
by a widening of the flow channel, this results in a friction factor describing the flow 
resistance. 
To consider those models, it is therefore, essential to know the permeability of k of 
the fibrous web in order to relate the fluid flow rate to the pressure gradient with the 
Darcy's law: 
kM Q=---
p L 
(2.1) 
where Jl is the dynamic viscosity of the fluid, Q the volumetric flow rate, M the 
pressure drop over the porous material, L the thickness of the porous material. The 
permeability k is generally estimated by correlations with the texture of the porous 
media, and is generally assumed to be characteristic for a certain material. This 
texture is in practise modelled by a few parameters, the main ones being: the porosity, 
rp and the mean diameters of the pores or fibres in the case oftextile materials. 
The permeability accounts for the interstitial surface area, the fluid particle path as it 
flows through the web and the other related hydrodynamic characteristics of the web. 
- 27-
Literature Review 
Many correlations are available for modelling permeability in fibrous materials; some 
of them have been developed for textile materials, while others have been developed 
for flow through cylindrical channels and later adopted for nonwoven fibres. Among 
the possible correlations, the Kozeny-Carman equation is most widely known 
(Scheidegger 1960). 
(2.2) 
where, rp is the porosity of the media, Ko is the Kozeny constant and So is the shape 
factor defined as: 
S = surface area of solid phase 
o volume of solid phase (2.3) 
the Kozeny parameters are related to the construction and content of the porous 
media. McGregor (1965) and Denton (1963) extended the Kozeny-Carman equation 
to a textile assembly for the modelling of flow of yam cones for dying. 
If the textile bed is made of fibres of diameter, dJ' the permeability is given by: 
(2.4) 
where, Ko is the Kozeny constant for fibrous material. McGregor's modification is 
simple to apply as it is based on fibre diameter and fabric porosity. Moharnmadi et al 
(2002a) has given a theoretical model based on the extension of the Kozeny-Carman 
equation for the needle-punched nonwoven fabrics for the case of higher porosities. 
The modification replaced the Kozeny constant Ko with the Davies constant k D , 
which is a function of pore shape factor and fabric tortuosity, which in turn is a 
function of fabric thickness. Therefore, the modified Kozeny-Carman equation 
becomes a function of fibre diameter, porosity, pore shape factor, fabric thickness and 
tortuosity. The Davies constant is given by: 
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k =4r/(1-rp/5[1+56(i-rp/J 
D (i-rp/ (2.5) 
Mohammadi and Banks Lee (2002a), (2002b) compared the permeability obtained 
from the modified Kozeny-Carman equation with that obtained from the experimental 
data. They have observed that the theoretical permeability is lower than the 
experimental results in all the cases. 
They have identified two reasons for this discrepancy. Firstly, needle punching 
caused a continuous channel in the web reducing the tortuosity and thus increasing 
the permeability. Secondly, the nonuniformity of the web also caused higher 
experimental permeability. However, they have obtained a statistical correlation with 
greater than 99% confidence between the theoretical results and experiments, which 
means that the Kozeny-Carman model is well capable of representing permeability of 
the nonwoven webs. 
Further evidence of the applicability of the Kozeny-Carman type equation for 
calculating the permeability of nonwovens was found in the work of Koponen et al 
(1998). Koponen et al have simulated the permeability of a large 3D random fibres 
web, which closely resembles nonwoven fabrics, using a computationally demanding 
lattice-Boltzmann method. 
The lattice-Boltzmann method contains no free parameters concerning the properties 
of the porous media or the dynamics of the flow and computes the microscopic flow 
patterns through the channel of the porous media. The computed permeability was 
found to be in good agreement with the permeability obtained from the Kozeny-
Carman equation and confirmed that the permeability depends exponentially on 
porosity over a large range of porosity. 
Ergun (1952) established an empirical relationship between the inertia of the flow and 
the texture and this correlation combined with that of Kozeny-Carman is widely used 
for modelling of packed beds. Consistent with the Ergun and Kozeny equations, the 
permeability is given by: 
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where, d p is the mean particle diameter. 
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(2.6) 
Blass (1964), proposed a model using the friction factor f which depended on the 
structure and geometry of packed beds. He modified the Kozeny-Carman equation 
used in capillary flow. To be able to calculate pressure drops and permeabilities for 
textile assemblies, he developed a semi-empirical relation on the basis of the general 
equation for friction losses in channels of various cross sections. He described the 
flow through the textile material as flow through a system of cylindrical pores. In the 
laminar flow region, the flow was modelled by the Poiseuille equation for internal 
flow through cylinders. 
Experimental evaluation led to the following equation for the friction factor f for 
Re<1000. 
33 1 f =-+-0.06 (2.7) 
Re Re 
The second term in his equation accounted for the contribution of turbulence to the 
overall friction. Blass concluded that a correction factor should be included to So in 
Eq. (2.2) to calculate the specific surface area S. The roughness of the fibre surface 
was assumed to be the cause of this correction factor. He defined it as follows: 
4 S=-1.15 
df 
(2.8) 
Mao and Russell (2000a), (2000b) have proposed a model for directional 
permeability based on drag force theory and Darcy's law. The model was developed 
specifically for the nonwoven fabric and structural parameters in the fabric were 
considered, including fibre diameter, porosity and the fibre-orientation distribution. 
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The model was shown to produce good agreements over a wide range of porosities 
and allows calculation of anisotropy of permeability in a range of structures, 
including isotropic fibrous materials, unidirectional fibre bundles, and structures with 
two orthogonal fibre alignments. 
2.3.2.2 Convective Heat Transfer Through Nonwoven 
The second important sub process in the through-air bonding is the convection heat 
transfer to a fibrous web/porous media. From the point of the energy equation there 
are two different models in theoretical and numerical research: local thermal 
equilibrium model and local thermal non-equilibrium model. 
The local thermal equilibrium model assumes that the solid-phase temperature is 
equal to the fluid temperature i.e. local thermal equilibrium between the fluid and the 
solid phases at any location in the porous media. This model simplifies theoretical 
and numerical research, the validity of the thermal equilibrium assumption is 
however doubtful in nonwoven fibres, because of the vastly different thermal 
conductivities encountered for nonwoven air combination. 
An important parameter for the local thermal non-equilibrium model is the convective 
heat transfer coefficient between the nonwoven web and the flowing air. This is 
usually described in the form of a Nusselt number correlation with Reynolds and 
Prandtl number (Cengel 2003). 
Though several research works have been reported on heat and moisture transfer in 
textile material based on thermal equilibriu~ model (Gibson and Charmchi 1997), no 
reported correlation has been found for convective heat transfer coefficient for 
nonwoven. Ghali et al (1995) reported an experimental and theoretical study of 
convection heat and mass exchange in a textile in order to determine the heat and 
mass transfer coefficient. The heat and mass transfer coefficient in the simulations 
were obtained by finding those values that best fit and predict the experimental 
measured transient region in the web, rather than using any Nusselt number 
correlation. 
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Nilsson and Stenstrom (1995) modelled the air diffusion through a nonwoven based 
on the solution to the diffusion equation. The model was compared with experimental 
data for water vapour diffusion through sheets of nonwoven fabric and of paper. 
Kowalski (2000) predicted the deformation and drying-induced stresses of moisture 
capillary porous medium during intensive drying. The nonlinear model was 
constructed based on the concept of mixture theory and the thermodynamics of 
irreversible processes. The porous material was considered for a "container" 
interacting with the mixture ofliquid and gas filling the pores. 
The model described the mechanical behaviour of the material during drying, as well 
as the distributions of temperature and moisture content in porous medium. Dyer and 
Sund~rland (1968) presented an analytical solution for drying a material from one 
side. The model considered a quasi-steady state. An exact solution was found for the 
drying rate and temperature distribution in the drying material. 
Weinbaum et al (2001) proposed a model describing the flow through an orifice in a 
fibrous medium. The presented results were used to estimate the hydraulic 
conductance of orifice like pores, and elucidate the relative importance of fibre matrix 
and pore length in flow through pores. Zhang and Seaton (1994) applied the 
continuum equations to diffusion and reaction in pore networks. They found out that 
the continuum model with an effective diffusivity calculated in the absence of 
reaction was in good agreement with the pore network simulations. 
Watzl et al (1998) proposed the principles of through-air drying of nonwovens and 
paper. Energy aspects were also considered. Gibson and Charmchi (1997) developed 
a model describing time dependent heat and mass transfer through porous 
hygroscopic materials. Governing equations for the two-dimensional coupled 
diffusion/convection of energy and mass were solved in a computational domain 
simulating the geometry of a particular experimental device. 
Termonia (1997) proposed a general model describing the factors controlling the 
diffusivity of fibrous sheets. Barry and Hill (2003) modelled the convective transport 
of heat in various layers of protective clothing. CFD was providing the basis for the 
developed model. Results demonstrated the velocity, temperature, pressure and 
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composition at each location in the cloth. Hill and Barry (2004) predicted the 
performance of fabrics using CFD. In their solution approach, solution of transport 
equations determined diffusive and convective transport of heat and also liquid 
sorption phenomena, phase change. 
2.3.3 Melting of the Fibre 
The third sub process for the through air-bonding of nonwovens is the melting of the 
fibre. Solid/liquid phase change in porous media has received attention of several 
researchers because of the process not only occurs in natural world such as natural 
seasonal freezing/thawing in cold regions, snow melting but also has practical 
applications in agriculture, artificial freezing of ground for mining and construction 
purposes, food processing and material engineering and thermal energy storage 
(Phanikumar et aI2002), (Dosanjh 1989), (Haeeupl and Xu 2001). 
In these studies, the porous solid did not participate in the phase change phenomenon. 
Beckermann and Viskanta (1988) have developed a model for solid/liquid phase 
change, considering two materials present, a fixed porous matrix, and a phase change 
material that existed in either the solid or the liquid state. 
Gong et al (2000) described a design and proposed a CFD model of a thermal 
bonding process for the consolidation of 3D nonwoven shell structures (Gong et al 
2001). The process was modelled with the aim to optimise the temperature, velocity 
and pressure distribution ofthe hot air flow around the 3D structure. The relationship 
between the temperature distribution and various process parameters were 
investigated. 
Warner (1989) investigated the thermo mechanical behaviour of isotactic 
polypropylene during thermal bonding. He suggested that the flow is important to the 
formation of a good bond. He depicted that the solidification of polymer that has been 
molten and forced to flow led to mechanical entanglement. His predictions showed 
that the fabric strength was limited by the thermo mechanical history of polymer at 
the bond perimeter. 
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De Angelis et al (1979) measured the dependence of the breaking strength of over all 
calendered polypropylene fibre nonwoven fabric on bonding temperature. Their 
results indicated that for a given pressure and calendaring speed, the breaking 
strength reaches a maximum at a critical bonding temperature. On keeping the 
pressure constant, the critical temperature was found to be a function of the 
calendaring speed. 
Mueller and Kochmann (2004) described a numerical method for the prediction of the 
nonwovens mechanical behaviour depending on the bond point geometry and process 
parameters. The approach covered the influence of the shape and size of the bonded 
area as well as the properties of the nonwoven. The influence of the technological 
parameters during the bonding process such as temperature and pressure were 
considered. 
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Experimental Measurements 
In this chapter experimental techniques are used to determine various materials and 
process parameters used in the modelling of thermal bonding process and machinery. 
The obtained results are used to supply appropriate boundary conditions for the 
computational fluid dynamics (CFD) simulations. Therefore, the processing of the 
received data has further importance. 
The air velocity is measured with a rotating anemometer. The thermal conductivity of 
nonwoven structures is studied with a heat conduction measurement unit. Air 
permeability tests are performed to calculate the viscous, inertia resistances and the 
porosities of the system components. Finally surface temperature measurements are 
carried out using thenno couples to investigate the temperature distribution of the 
nonwoven web over time. 
The experiments designed for performing and to complete the tasks are as follows: 
• Air Velocity Measurements 
• Air Permeability Measurements 
• Thermal Conductivity Measurements 
• Porous Fibrous Web Surface Temperature Measurements 
3.1 Air Velocity Measurements 
The product quality of the thenno fusion bonding of nonwoven webs is largely 
dependent upon the performance of the heating and air supply systems. To avoid poor 
product quality caused due to these parameters, testing and balancing of these 
systems is required. Measurements of airflow in heating, ventilating or air 
conditioning systems are usually performed using traditional instrumentation such as 
vane anemometers, pitot tubes or hot wire anemometers (Riffat 1991). This type of 
instrumentation can be difficult to employ here in practice as access to the measuring 
- 35 -
Experimental Measurements 
zone may be restricted. Furthermore, it is difficult to obtain reasonable measurement 
accuracy with pitot tubes or vane anemometers when the flow velocities are less than 
3m/s. 
Zang and Christianson (1991) quantified the uncertainty of the hot wire anemometer 
in room airflows due to the decreasing angle sensitivity at low air velocities, which 
. makes it difficult to resolve the direction of each velocity component. Howell and 
Sauer (1990) report a study in which the air velocity of coil faces was measured using 
a vane anemometer. They showed that this technique could be applied to air flows 
between 0.508 to 5.58 m/s, with an accuracy of ±7 %. This was the same accuracy 
range as they achieved using pitot tubes traverses (%5-%10). Dols and Persily (1995) 
reported a study of ventilation measurements using pitot tube, hot wire anemometer 
and vane anemometer. Good agreement between all techniques was mentioned. 
The hood in the through air bonding system is used to introduce and exhaust the hot 
air into the system [Figure 3.1]. Hot air is released into the hood zone by a fan via an 
air mixture. The heated air is flowing to the drum surface through the holes of the 
hood. This assures that air is being distributed as expected through the through-air 
bonding system. 
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Figure 3.1: Hood environment and its details 
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3.1.1 Methodology 
To investigate the airflow through the thennal bonding system, the hot wire probe air 
velocity meter produced by TSI@, USA, and the rotating-vane anemometer produced 
by Airflow Developments Limited@, UK is used [Figure 3.2]. 
Figure 3.2: Air velocity measurements using anemometry technique 
The end of the probe or the rotating vane is placed at the location of interest, and once 
airflow proceeds, the air velocity value is displayed in mls. The hot wire anemometer 
measures a spot size of 6mm 0, where as the rotating vane has a diameter of 100mm. 
Initial measurements show that the point wise measuring hot wire anemometer is 
strongly affected by measuring directions. The measurements show that the velocity 
value is not exactly radial which is illustrated in Figure 3.3. 
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Figure 3.3: (a) Measurements in different angles in m/s 
with hot wire probe, and (b) rotating vane 
The hot wire probes also disturb the flow field unless they are very small, and they 
have a spatial resolution limitation due to the wire dimension. Another major problem 
is that hot wires are not able to measure large fluctuations at low velocities 
(Mc Williams 2002) (Howell and Sauer 1990). 
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Due to this problem, the air velocity measurements are conducted using a direction 
independent rotating vane device, which allows the radial velocity to be measured. A 
disadvantage of the vane anemometer is the characteristics common to all rotating 
vane anemometers, the minute amount of bearing friction. This causes the head signal 
to depart from a linear signal/velocity relationship by an insignificant amount at high 
velocities. However, this is not the case for the thermal bonding process which is 
performed under low velocities. 
The used device has a resolution of O.Olm/s and an accuracy of ±0.15m/s in a range 
of 0.2-30m/s air velocity. The values are measured over time using an averaging 
period. The value is always updated every second; however the reading displayed is 
the average reading over the last time constant period. 
For instance, the time constant set in the measurements was 10 seconds, meaning the 
display shows readings averaged over the previous 10 seconds, updated every second. 
This is also called a 10 second moving average. The responding time for the velocity 
measurements is 200 ms. 
The' calibration of the devices are guaranteed and certified. with a certificate of 
calibration and US National Institute of Standards and Technology (NIST) 
traceability. Since the thermo fusion bonding process is performed under high 
temperatures, the air velocity is sensitive to changes in air density and air humidity. 
The latter is of special importance as process condition changes due to the different 
indoor conditions in winter and summer times. The vane anemometer measures the 
actual velocity, at current pressure and temperature conditions. The standard 
conditions are defined by the manufacturer as 21.10 C and 101.4 kPa. Standard 
velocity is the velocity the air would be moving if the temperature and pressure wer~ 
at standard conditions. The air coming from the hood is hot; therefore, the value of 
interest is the actual velocity (V a) at actual conditions rather than the standard 
velocity (Vs) at standard conditions. To obtain the actual velocity, the kinetic theory 
of ideal incompressible gases and law of mixtures will be applied during 
computational analyses. 
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The velocity measurements during this research are conducted on a pilot plant at 
COLBOND@, The Netherlands. The positions specified on the machine sketch 
correspond to the points the measurements are performed at. Measurements for the 
heating zone are carried out at five locations [1-5 in Fig. 3.4.(a)] along the drum 
length (L), and the cross section is divided into ten sections [A-J in Figure 3.4.(b)]. 
Measurements in the cooling zone are performed in two locations [L&M in Figure 
3.4.(b)]. The description of the cooling zone is illustrated in Figure 3.4.(b) and Figure 
3.5. 
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Figure 3.4: Measurement positions along the length (a) and across the drum (b) 
The rotating vane is located in the middle of each specified section. Due to the 
rectangular sections of the hood; the device fits very well without leakage beneath it. 
Measurements in the cooling zone are performed using the telescopic extension 
handle to have better access into the region. 
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Figure 3.5 Cooling zone in thermal fusion bonding 
3.1.2 Air Velocity Measurement Results 
By measuring the air velocity, the air flow during thermo fusion bonding could be 
studied. Figure 3.6.(a) illustrates the average air velocity variation along the length of 
the thermo fusion system at position E, which was chosen as it is the central position 
of the system. Another critical point i.e. position H, which is the bottom of the system 
was used to investigate the conveyor belt speed influence on the air velocity. The 
results are illustrated in Figure 3.6.(b). 
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Figure 3.6: (a) Air velocity variation along the thermal bonding system; 
(b) Influence of belt speed on the air velocity 
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The results show that the air velocity varies slightly along the length of the system for 
both of the used fan speeds in the same manner. It is noticeable that the air velocity 
decreases in the mid sections of the system, where as it increases again at the edge of 
the machine. This is due to the construction of the hood that is close to position E5, 
and prevents an immediate flow to the mid parts along the system. Considering the 
error tolerance of the device (0.15m/s), the difference between measured values will 
be smaller, which could explain the slightly higher value of position E2 than El. 
Running trials with different conveyor belt speeds showed that there was no 
significant influence on the air velocity. 
The air velocity distribution across the machine is an exceedingly important issue; 
because the path of the fibrous web that is subjected to hot air flow follows the radial 
system. Therefore, it has a direct influence on the bonding and the associated end 
product properties. 
The air flow distribution of the heating zone was thoroughly studied by investigating 
the edge positions and the mid region of the thermo fusion machine at 10 different 
positions across the machine. The last two designated points i.e. L, M were the 
measurement points investigated for the cooling region. The results for the heating 
zone are illustrated in Figure 3.7. 
Figure 3.7.(a) and (c) present the results obtained at fan speeds of 1000rpm, and 1250 
rpm respectively; where as graphics band d illustrate the results considering the same 
measurements with their error factors of 0.15m/s, as given by the manufacturer. 
Capital letters J to A represent the measured positions starting with J which is the 
position the belt enters the machine, and A refers to the end of the heating zone. This 
designation is relevant for all four graphics. 
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Figure 3.7: Air velocity distribution across the machine at the 
mid and edge positions 
Graphics a, and c show both similar velocity profiles. When each position was 
analysed, it was seen that the highest air velocity value for position 5 and 1 was 
measured at position F, where the mid point i.e. position 3 achieved its highest air 
velocity at position c. 
The material entrance position J encounters the lowest air velocity value at position 1 
where the air hardly flows. This was seen in both of the used fan speeds. The lowest 
value for position 5 was measured at position B-A, whereas for position 3, the lowest 
value was measured at location B. For position 1, the minimum values were close to 
each other and were measured at points Band D. 
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When the error factor is taken into account, it is seen that the values are closer to each 
other, and a more uniform air flow occurs across the machine. This suggests that an 
average of the measured values obtained across the machine could be useful to 
represent the air velocity for the positions 5, 3 and 1. The results for the cooling zone 
air velocity measurements are illustrated in Figure 3.8. 
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Figure 3.8: (a) Average air velocity vs. cold air fan speed 
(b) Average air velocity vs. belt speed 
Fig. 3.8.(a) shows the relationship of increasing fan speed and the air velocity when 
the belt speed is kept constant at 5rn/min. Measurements were performed at the 
outflow direction of the cooling zone which is at the same time the entrance of the 
belt and material into the cooling zone. It was obvious that a linear behaviour would 
result due to the increasing air mass flow rate by increasing the rpm of the fan. 
Figure 3.8.(b) shows the air flow inlet measurements of the cooling zone, and 
investigates the influence of belt speed on the cold air velocity. Measurements were 
performed for a fan speed of 1500rpm. Results suggest that there is a very slight 
difference in the measurements, and that the effect of belt speed on the cold air 
velocity is negligible. 
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3.2 Air Permeability Measurements 
In order to model, and optimise the process and product of the thermo fusion bonding 
process, the air permeability of the porous structures plays an important role. 
According to the BS EN ISO 9237, the air permeability is defined as the rate of air 
flow passing perpendicularly through a known fabric area under a differential 
pressure between two fabric surfaces. 
Three flow regimes are observed normally during the flow of fluid through porous 
medium. The first regime is the Darcy flow regime in which the relationship between 
the pressure drop and the . flow rate is a linear function. The second one is the 
Forchheimer flow regime in which the pressure drop is modelled as a second order 
polynomial function of flow rate. And the third one is the turbulent flow regime in 
which the relationship is also a second order polynomial function but the constants 
are different from the second one (Ozdemir and Ozguc 1997). 
The classical assumption for the description of a large number of problems related to 
flow in porous media is that, at the microscopic scale, a creeping flow takes place, 
which, at the macroscopic scale, is equivalent to a linear relationship between the 
flow rate and the piezometric head, which is known as the Darcy Law (Sidiropoulou 
2007). 
Numerous theoretical models describing laminar flow through porous media have 
been proposed to predict the permeability (Russel 2007). However the thermo fusion 
bonding process using hot air flow i.e. the subject of this research cannot be 
investigated solely by analysing the nonwoven web. The hot air flows not only 
through the nonwoven web, but also through the wire meshed structures i.e. the 
conveyor belt and the drum cover before passing through the drum. 
Given the importance of permeability as a key parameter in process simulation, the 
governing equations describing the thermo-fluid flow through the thermo fusion 
bonding system have to be set carefully. This will not only provide a better 
understanding of the underlying physical phenomena in thermo fusion bonding, but 
also increase the accuracy of the numerical predictions. 
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Determination of the specific permeability coefficient via theoretical methods 
typically rely on analytical models based on simplified pore geometries, which allow 
solution of the microscopic flow patterns, or on more advanced methods that 
statistically take into account the structural complexity of the medium (Koponen et al 
1998). Therefore, to achieve the intrinsic permeability, each particular system 
component will be characterized empirically using experimental data. 
Measurements will supply information about the flow behaviour through each system 
component and the associated reason of energy loss i.e. if only viscous loss driven 
Darcy Law is relevant, or if inertial effects in the pore scale have to be considered, 
which would suggest the use of the Forchheimer Law, and whether or not to use a 
turbulent solver through one or all of the system layers. Relevant calculations are 
proposed in the mathematical modelling section. 
3.2.1 Methodology 
The Air permeability measurements were performed using the air permeability test 
device, model 21443 manufactured by Karl Frank GmbH, FRG [Figure 3.9]. The 
principle is based on the DIN 53887 (DIN EN ISO 9237 since 1995) that is the rate of 
air passing perpendicularly through a given area of fabric is measured at a given 
pressure difference across the fabric test area over a given time period. 
Prior to testing, the samples were conditioned in a standard atmosphere for testing 
textiles according BS ISO 139, i.e., a relative humidity of 65% ±2% and a 
temperature of 20°C ±2°C for 24 h. The specimens are carefully clamped between 
the clamps as described in the norm provided with a guard ring device which prevents 
leakage. 
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Figure 3.9: Air permeability tester 
The electronic vacuum pump generates low pressure that is adjusted to the desired 
value via a valve at the scale of an inclined pipe manometer (mbar). As a result, air 
flows through the specimen, and the recorded air permeability can be read from the 
scale in Llm2s. The tested surface area of the specimens is 20cm2• Measurements are 
recorded after a steady state has been reached. Measurements are carried out at 
previously marked different locations of a particular sample and the calculated 
average value is taken as the standard. The error of the technique is ± 1 Llm2s. 
3.2.2 Air Permeability Measurement Results 
The air permeability measurements gave invaluable information about the air flow 
resistance behaviour of the used materials. The relationship between velocity vs. 
pressure drop could be plotted. The air permeability coefficient could be calculated. 
To express the relationship between the mean velocity and the pressure gradient, the 
product of the dimensionless friction factor and Reynolds number (}Re) vs. 
Reynolds number was analysed. These results led to the calculation of the specific 
permeability, and the flow resistance behaviour of the thermo fusion bonding 
components. 
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3.2.2.1 Conveyor Belt Analysis 
In analysing the air flow behaviour through the conveyor belt, the measurements of 
pressure drop versus velocity were plotted [Fig.3.10.(a)]. The curve fit represents a 
second order polynomial curve which shows a clear non linear relationship between 
velocity and pressure drop, indicating that the data does not comply with Darcy's law. 
To express the flow resistance, it is referred to as a correlation of the pressure drop 
and velocity in terms of the dimensionless product of the friction factor f and the 
Reynolds' number Re. 
This is preferred because the product jRe is constant for a particular medium, i.e. 
independent of flow conditions, and is therefore the most sensitive quantity when 
making comparisons for the same medium (Zhong et al. 2006). The result of the 
correlation is illustrated in Figure 3.1 O.(b). 
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Figure 3.10: Experimental data for conveyor belt: 
(a) Pressure drop across the belt as a function of velocity, 
(b) Flow resistance expressed in dimension less numbers 
Re 
b) 
The friction factor f, which is valid for any type of flow, and Reynolds number (Re) 
are 
defined according to Zhong et al (2006) as: 
(3.1) 
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(3.2) 
where d is the hydraulic diameter (m) and UD is the superficial or bulk velocity (m/s) 
in the medium. From Darcy's law, 
LlP = J1.U D 
L k 
(3.3) 
where k is the permeability which in general is a tensor, but because the measurement 
is carried out in strict one-dimensional flow it is considered to be as a scalar quantity. 
Thus 
d 2 }Re=-
k 
(3.4) 
This quantity depends only on the characteristics of the medium, i.e. air. The pressure 
drop was converted to the dimensionless friction factor J, and the velocity was 
converted to the Re, as defined in Eq. 3.1 and 3.2. In Figure 3.10.(b) it is seen that the 
values of }Re were dependent on Re, therefore the measurements suggest that the 
nonlinearity between the velocity and the pressure drop is relevant. This leads to the 
conclusion that Darcy's Law in this region is not fulfilled. The departure from this 
model is due to the kinetic energy effect which is not included. The additional term 
representing the fluid kinetic energy i.e. the influence of the fluid inertia has to be 
considered using the Forchheimer Law during the analyses of the thermo fusion 
bonding process. The flow resistance coefficients of the conveyor belt will be 
evaluated as explained in the mathematical modelling section. 
3.2.2.2 Drum Cover Analysis 
The pressure drop vs. velocity plot for the drum cover is illustrated in Figure 3.11.(a). 
It was observed that the flow behaviour of the drum cover showed a nonlinear 
behaviour as was seen during the belt analyses. This nonlinear behaviour could be 
modelled with a second order polynomial curve fit. 
- 48-
Experimental Measurements 
The reason for the departing behaviour from linearity is the energy loss due to the 
inertia resistance of the air flow in addition to its viscous dissipation. The similar 
behaviour was observed during the conveyor belt analyses. 
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Figure 3.11: Experimental data for drum cover: 
(a) Pressure drop across the belt as a function of superficial velocity, 
(b) Flow resistance expressed in dimension less numbers 
ThejRe vs. Re graphic illustrated in Figure 3.11.(b) affirms this behaviour, due to the 
dependence of the jRe on the Reynolds number. This shows clearly that a sole Darcy 
flow within the drum cover does not apply. The jRe values are lower in comparison 
to the belt measurements which are expected due to the lower pressure rates under 
which the measurements were performed. 
The slope may also suggest that the effect of inertia is lower than it is in the belt. In 
consequence of the approved nonlinear flow behaviour, the air flow through the drum 
cover will be modelled considering the F orchheimer Law as it was proposed for the 
conveyor belt modelling. The permeability coefficient and the flow resistance 
coefficients will be calculated based on these mathematical models. 
3.2.2.3 Porous Fibrous Web (Nonwoven) Analysis 
The air permeability tests for the thermally bonded nonwoven webs were performed 
for a fabric weight density range of lOOg/m2-250g/m2. The flow resistance behaviour 
of the fibrous webs could be determined. 
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The measurements also enabled to investigate the relationship between the air 
permeability and the structural characteristic i.e. the fabric weight of the nonwoven 
fabric. 
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Figure 3.12: Experimental nonwoven web analysis 
(a) Pressure drop vs. air velocity as a function of fabric weight density, 
(b) Flow rate vs. pressure drop as a function of fabric weight density 
200 250 
Figure 3.12.(a) shows a nonlinear relationship between the pressure drop and the 
velocity of nonwoven webs. This second order polynomial behaviour indicates that 
the flow behaviour departs from the Darcy regime, and has to be expressed by the 
Forchheimer regime. The flow resistance'is not only due to the viscous dissipation, 
but also due to the kinetic energy loss that occurs due to the fluid i.e. air inertia. 
Analysing the relationship between the volumetric flow rate and the pressure drop for 
different fabric area densities also defines this nonlinearity clearly. The decrease of 
air permeability is visible as the fabric weight increases [Figure 3.12.(b)]. The reason 
for this is the porosity and the fabric weight density gradient within the web. This is 
due to the different interconnected pores through the fabric thickness of the fibrous 
web. Figure 3.13 shows the SEM image of a through air bonded nonwoven web. 
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Figure 3.13: SEM image of thermally bonded 200gr/m2 Colback® web morphology 
It can be·seen that different sizes of pores are formed from the laid fibres. In addition 
multiple layers of interconnected pore structures are visible through the thickness. 
The number of these layers will be more as the thickness associated with the fabric 
weight density increases. Wang and Gong (2006) showed the cross sectional structure 
SEM images of through air bonded nonwoven webs, and concluded that the inner 
layers are denser than the outsider layers of the nonwoven fabrics. 
The reason for this is the stress gradient which increases during the thermo fusion 
process due to the hot air. These stresses will be higher within the inner layers 
compared to the outer layers because of the higher temperature difference with the 
ambient hot air. This increases the compression of the inner layers more than the 
outside of the webs, which causes the denser structure. Those composite layers finally 
lead to lower air permeability as their number increase and therefore, the associated 
thickness and the related fabric weight density increases. At a certain value each layer 
reaches the same porosity and the same air flow resistance. This elucidates the reason 
of the non linear behaviour of the nonwoven webs. 
The mathematically description of this phenomenon lies in the Forchheimer equation 
(See sec. 4.2). The relationship between the air resistance and the pressure drop is a 
function of the thickness of the nonwoven. The thicker the nonwoven i.e. generally 
the heavier the nonwoven is, the higher the fluid inertia and the viscous dissipation 
will be. 
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3.3 Thermal Conductivity Measurements 
The primary objective of the present task is to determine the thermal properties ofthe 
nonwoven webs. The nonwoven web is a porous fibrous structure; therefore, its 
thermal properties will deviate from the fibre properties it is composed of. The 
overall heat transfer in fibrous structures is the sum of contributions through the fibre 
and interstitial medium i.e. the air. It involves all the forms of heat transfer it is 
subjected to. Conduction occurs in the solid fibre material and the air trapped in the 
spaces between the fibres, convection due to hot air flow during thermo fusion 
bonding, and radiation with the environment at the surface of the fabric assembly, and 
internally among the fibres. The effective thermal properties of the fibrous materials 
are calculated from the results measured at steady state conditions. 
3.3.1 Methodology 
The thermal conductivity measurements of the nonwoven web is carried out using the 
heat conduction unit H940 suppiied by P. A. Hilton Ltd.®, UK [Figure 3.14]. 
Figure 3.14: Heat conduction apparatus 
In a practical situation, heat conduction occurs in three dimensions, a complexity 
which often requires extensive computation to analyse. In the laboratory, a one 
dimensional approach is required to demonstrate Fourier's Law of Heat Conduction. 
The equipment comprises a multi section bar for the examination of linear 
conduction. The section is equipped with an array of temperature sensors. 
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Cooling water, to be supplied from a standard laboratory tap with 21/min, is fed to one 
side of the test pieces to maintain a steady gradient. The instrumentation permits 
accurate measurement of temperature and power supply. Fast response temperature 
probes, with a resolution of 0.1 QC give direct digital readout in QC. The power control 
circuit provides a continuously variable electrical output of 0-100 Watts with direct 
readout. The thermistor temperature sensors are installed at 10mm intervals along the 
working section with which has a diameter of 25mm. 
The heat conducting properties is found by simply inserting the specimen between the 
heated and cooled metal sections. The thermistor temperature sensors are connected 
to miniature plugs fitted to a casing and connection from the sensors to digital 
temperature readout with fitted appropriate sockets. Therefore, temperature gradients 
can be readily plotted from the acquired data. The temperature selector switch on the 
front panel of the electrical console permits any of the temperatures to be displayed. 
The readings to be taken are carried out in such a way that an intermediate position 
for the heater power control is selected. A sufficient time for a steady state condition 
to be achieved is allowed. All recorded temperatures (T) at the sensor points and the 
input power reading on the wattmeter (Q) is noted. This procedure is repeated for 
other input powers. 
Plots of the temperature profile of the core will result in a set of straight lines having 
a slope of dT/dX. This slope may be used to determine the thermal conductivity of 
the used materials which can be calculated using Fourier's Law and the definition of 
resistance. 
(3.5) 
where, Rcond is the resistance, Th and·Tc are the temperatures at the boundary surfaces 
of the material, and ~x is the thickness of the material. The results are given in SI 
units. The detailed procedure to calculate the thermal conductivity of materials is 
illustrated in Figure 3.15. 
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Cross section X (mm) Temperature (OC) 
Heating 1 25 T1 
2 15 T2 
3 05 T3 
Tj 00 Tj 
To 00 To 
6 05 Ta 
7 15 T7 
Xc 8 25 Ta 
L\x 
Figure 3.15: Thermal conductivity calculation methodology 
The temperatures at 1,2,3,6, 7, and 8 are measured, while the temperatures at Ti and 
To are calculated by curve fitting and extrapolation of the temperature profiles of the 
heating and cooling sections. The heat flow will be in the perpendicular direction to 
the cross-section direction, i:e. one-dimensional. All quantities in the above equation 
have coherent units (SI units in this experiment): k [WlmJ K]; Q [W]; A [m2]; ~T [K 
or QC], because this is temperature difference, so [K] or [QC] will give the same 
result; and ~x [m]. Before turning heating or cooling, all temperature readings (at all 
points 1-8) are checked. 
The apparatus was in equilibrium with the room air, all temperature sensors indicated 
the same temperature except for the measurement errors. The readings are recorded, 
and the thermal conductivities are calculated using the known and measured 
quantities. 
3.3.2 Thermal Conductivity Measurement Results 
The thermal resistance and the effective thermal conductivity of five fibrous webs 
were defined to quantify the thermal properties of the porous fibrous web. To 
evaluate the influence of fabric weight density, nonwoven webs of 30, 50, 100, 135 
and 200glm2 were measured. The results are illustrated in Figure 3.16. The data 
presented are the values recorded after the change in temperature across the samples 
reached a steady state. 
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The samples were considered in steady state when the temperature between the hot 
and cold sides of the measuring apparatus was constant for 30 minutes. 
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(b) Effective thermal conductivity vs. fabric weight density 
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To avoid the effect of fabric thickness on the effective thermal conductivity the 
thermal resistance of the fibrous structures is presented [Figure 3.16.(a)]. The results 
showed that as the fabric weight density increased, the resistance of the fibrous web 
increased, which is expected because the temperature difference between the borders 
of the fabrics with higher weight density is more due to its higher packing density. 
When the packing density is high, the resistance against the heat flow increases. This 
was also confirmed by the air permeability measurements. The volumetric flow rate 
of the heavier fabrics was less than the lighter webs. Figure 3.16.(b) illustrates the 
effective thermal conductivity of nonwoven fabrics. 
The distribution shows a behaviour that departs slightly from linearity, but ,this is due 
to the thickness of the materials which might vary due to the degree of bonding with 
in the structures and therefore effecting the final calculations which are directly 
associated with the fabric thickness. Generally the graphic presents that the higher the 
fabric weight density, the higher the thermal conductivity. 
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3.4 Web Surface Temperature Measurements 
3.4.1 Methodology 
To characterise the thermo fusion bonding process of porous fibrous media, the 
temperature distribution is the most important parameter. Controlling this parameter 
ensures a uniform product quality. To measure the surface temperature of the fibrous 
web, an experimental set up was prepared and the temperature distribution of the 
nonwoven layer was investigated. 
The results of the measurements will be used for the validation of the numerically 
predicted computational fluid dynamics (CFD) analyses.· To investigate the 
temperature distribution within the nonwoven web, a detailed experimental 
preparation was conducted. A case study is not undertaken because the accuracy of 
the method is tested and compared with previous test results. The design of the 
procedure is such that measurements are carried out at three different test locations in 
longitudinal direction of the thermo fusion bonding machine. 
For the measurements, three pieces of type J calibration thermocouples provided by 
COLBOND® are used [Figure 3.17.(c)]. The thermocouple wires are produced by 
Newport Omega®, UK. The glass braid insulated wire has a conductor gauge of 30, 
0.25mm diameter and the upper temperature limit of the protected bare wire is 320 
Co. A tinned copper over braiding provides electrical shielding with the added 
benefits of durability, flexibility, and abrasion protection [Figure 3.17.(a)]. The error 
tolerance of the thermo couple is specified by the manufacturer according the 
American limit of error (ASTM E230-ANSI MC 96.1) as 2.2°C or 0.75% reading for 
a temperature range of 0-750°C. The thermocouple wire together with the sub 
miniature connector is connected to a data logger model H12-001 produced by 
HOBO® [Figure 3.17.(b)]. 
Each logger includes cold-junction compensation and two software-selectable 
measurement ranges (O°C to 250°C and O°C to 750°C) for optimal resolution and 
accuracy. These loggers also have an internal temperature sensor which can be used 
to record ambient temperatures. Total measurements of up to 32530 readings can be 
performed. The fastest selectable sampling time is 0.5 seconds. 
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The time accuracy is ± 1 minute per week at 20°C. The accuracy of the logger is 
±3.2°C at 125°C, and ±8.5°C at 375°C. The temperature measurement error of the 
logger does not include any error associated with the attached thermo couple. The 
data loggers interface with a personal computer or laptop and operate through 
software designed to activate the logger and view/analyze the collected data. 
Measurements are run under a conveyor belt velocity of 5rn/min, and an air supply of 
lOOOrpm. 
a) b) c) 
Figure 3.17: Temperature measurement kit 
Before performiq.g the experiments, the accuracy of the thermocouples was 
investigated. For this purpose they are put into water and the boiling process is 
observed [Figure 3.18]. This also enables to observe the difference of accuracy 
between the thermocouples. 
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Figure 3.18: Thermocouple accuracy test in heated water 
It can be seen that a slight difference between the results is present over time. 
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This difference reduces with increasing time and is within the tolerance range which 
is suggested by the manufacturer. The phases of the measurements are summarised in 
Figure 3.19. 
Figure 3.19: Surface temperature measurement phases 
The thermo couples used are housed well into the fibrous web which permits true 
surface contact whilst attaching into the web. Locating the thermocouples is being 
achieved with an adhesive patch. The thermocouples are then wound around a 
paperboard [Preparation]. The nonwoven web together with the thermocouples is then 
manually rolled out on the conveyor belt and guided through the bonding machine 
[Processing] . 
The thermocouple output is directed as an input to a computer to give a temperature 
distribution over time. The recorded data is analysed and being used for comparison 
purposes with the numerical simulation analyses [Analysis]. 
3.4.2 Web Surface Temperature Measurement Results 
A 200g/m2 nonwoven web consisting of 4 layers each weighing 50g was used to 
determine the temperature distribution within the fibrous web. Figure 3.20 illustrates 
the temperature distribution of the nonwoven structure measured at exact the 
midsection of the 4 layers. The position is demonstrated with the rectangular 
representative nonwoven sketch. 
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The temperature distribution of the nonwoven web considering only the heating 
period [Figure 3.20.(a)] shows the nonlinear temperature distribution of the web. 
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Figure 3.20: Temperature distribution of nonwoven fabric 
(a) Heating zone measurements, (b) Temperature distribution through the whole process 
The measurements indicate a temperature gradient within the nonwoven in the axial 
direction. The web temperature increases rapidly and approaches the temperature of 
the blown hot air (225°C), this increase in temperature over time drops, and finally 
the material temperature is very close to steady state. These differences In 
temperature might have two reasons: 
The differences might be attributed to the thermocouple measuring differences which 
were observed, or considering the air velocity measurement results presented 
previously, it is likely that these differences are due to the different airflow behaviour 
present in the machine. 
Figure 3.20.(b) presents the temperature distribution of the nonwoven web including 
the cooling zone; the behaviour shows an exponential decay which is typical for 
cooling processes due to Newton's Law of cooling i.e. the surface temperature of the 
material changes at a rate proportional to its relative temperature. The hotter the web 
is relative to its surrounding which is the cooling zone, the faster it will cool down. At 
the entrance the material is much hotter than the cooling zone which shows in the 
graph the rapid drop and the steep slope. 
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As the temperature of the nonwoven gets closer to the cooling zone, the slower it 
cools down. Finally as the web temperature approaches the cooling zone temperature 
it cools very slowly over time reaching nearly a horizontal line which will be the 
environment i.e. the cold air temperature. 
The following graph derived for the 200 glm2 fabric explains the reason for this case. 
It reveals the thermal behaviour of this product and was recorded using the heat 
conduction unit used in section 3.3. The details of the temperature difference across 
the fabric, and the associated thermal resistance measured over time of the fabric 
were plotted with a time interval of 5min. The results are illustrated in Figure 3.21. 
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Figure 3.21: (a) Temperature difference across the fabric vs. time, 
(b) Thermal resistance vs. time 
Figure 3.21.a shows the same nonlinear distribution as measured during the heating 
of the 200glm2 fabric in Figure 3.20.(a). The overall increase in the temperature 
difference leads to the result that less heat transfer occurs. The thermal resistance 
values on the other hand present variation and a moving average behaviour [Figure 
3.21.(b)]. The free path of the air would vary over time which would influence the 
heat transfer within the nonwoven layer. 
Due to this resistance variation over time, it can be suggested that the thermocouple 
recording every 0.5 seconds could not include this deviations. To investigate the 
gradient thoroughly, another exact position in terms of the 50g layers was chosen and 
the results are shown in Figure 3.22. 
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The measurements illustrated in Figure 3.22.(a) present the temperature distribution 
differences as a function of the axial direction of the machine. The difference in 
temperature between the position 1-2 and position 3 is reduced in comparison to 
Figure 3.20.(a). This is because this position is closer to the drum cover side and the 
thermal resistance to the airflow coming from the surface is more than to the first 
position chosen in Figure 3.20, and over time the fluctuations will be less than on the 
surface, thus also explaining the lower temperature values at this position. 
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Figure 3.22: (a) Temperature distribution as function of axial machine direction 
(b) Temperature distribution within the nonwoven web 
Figure 3.22.(b) illustrates the investigation undertaken at position 4-5 to observe the 
temperature gradient within the nonwoven layer. The measurement results reveal that 
a temperature gradient occurs also within the nonwoven layer. It can be seen that 
these gradients are more at the beginning and warming up phase of the fibrous web, 
and as the temperature of the nonwoven web approaches the hot air temperature, the 
temperature difference and thus the gradient decreases. 
This suggests that the temperature differences are due to the varymg thermal 
resistance that occurs during processing. Practical applications support the idea that a 
temperature gradient is valid due to the different handling of the nonwoven product 
on each face. 
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Finally investigations for different air inlet temperatures were performed at the centre 
location of the thermo fusion bonding machine specified as previously revealed at 
position 3. The aim was to determine if the temperature distribution during the 
process remained the same for all temperatures, and to observe the temperature 
gradient within the nonwoven layer so as to provide data for the computational fluid 
dynamics analyses. Results are illustrated in Figure 3.23. 
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Figure 3.23: Measurements for air temperature of (a) 230oC, (b) 235°C 
The measurement results presented in Figure 3.23.(a) show the temperature 
distribution within the nonwoven performed at an air inlet temperature of 230°C. 
Results reveal that the temperature distribution of the nonwoven web remains for 
higher temperatures the same. However, the data depicts that over time at some points 
the middle part of the nonwoven presented with position B achieves higher 
temperature values than position A which is actually closer to the surface. 
When considering the characteristic and results for the prevIOUS data, no clear 
explanation arises for this discrepancy. Generally as all remaining data showed that 
the temperature distribution at a region closer to the surface proceeds at higher 
temperatures than the lower parts. 
Position A is closer to the surface thus air flow is less blocked than position B; the 
permeability is higher at this region because of the higher mean free path which 
should lead to higher temperatures than position B. 
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The only logical explanation that could be offered to explain why position A has a 
lower temperature than position B is associated with the testing error caused by the 
thermocouple. As during the testing of the thermocouples it was observed and also as 
it is approved by the manufacturer there might be differences between the 
thermocouples during the measurements and response times. To conclude the case 
another trial with an air inlet temperature of 235°C for the same position 3 was 
performed. 
Figure 3.23.(b) shows this case. As expected the temperature distribution within the 
web, and the temperature values revealed the same trend as previously observed. 
Position A happens to show the highest temperature values where as position C 
achieves the lowest values. These results correlate well with the theory involving the 
thermal resistance, and are also confirmed considering the volumetric air flow and the 
associated air permeability results presented in section 3.2. 
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Mathematical Modelling 
The continuum modelling approach used in this research is only valid when the 
characteristic size of the flow is a continuum scale length i.e. larger than the 
molecular scale length. The continuum assumption is violated when the size of the 
flow is comparable to the continuum scale length. It is referred to the assumption that 
the fluid material i.e. the air is isotropic (i.e. invariant with respect to direction) to 
satisfy the continuum assumption. 
The continuum assumption basically states that properties, such as velocity, stress, 
temperature and density, cannot become infinite or jump discontinuously at a single 
isolated point. The mathematical modelling part in this section concentrates on the 
treatment of the continuity, momentum and energy equations applied to the porous 
media concept in CFD. Equations are used for numerical calculations performed for 
2D and 3D calculations. 
4.1. Continuity Equation 
~ 
In flow phenomena of any kind, fluid flow or heat flow, one of the most useful 
mathematical tools is that obtained from a conservation principle. A conservation 
principle is simply the statement of the fact that some physical quantity is conserved, 
i.e. neither created nor destroyed. To formulate this, a volume element in the region 
of the fluid flow is considered [Figure 4.1]. The volume has sides of ~x" ~X2 
and~x3 . 
The concentration of the volume is presented as the fluid volume which is the 
porosity rp of the volume. The volumetric flux density is presented as u and is 
transported per unit time per unit area. The volumetric flux density is a vector 
quantity therefore, there are three independent components, u" U2 and U3 parallel to 
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the respective coordinate axes. Using those definitions the conservation of the fluid 
volume can be mathematically stated. 
Figure 4.1: Volume element in region of fluid flow 
The average flux density across each face of the used volume element can be shown. 
Ul (Xl' X2 ,X3 ,t) as illustrated in Figure 4.1, for instance represents the average Ul 
over the face with sides ~X2 and ~X3 at Xl; similarly, Ul (Xl + ~Xl' X2, X3 ,t) is the 
average value of the volumetric flux density Ul over the face located at Xl + ~Xl and 
in the same way for the other faces. The amount of the fluid volume entering the 
volume element during the time interval of t to t + M is 
[
Ul (Xl>X2,X3,t)~X2~X3 +] 
U2(Xl>X2,X3,t)~XI~X3+ ~t 
U 3 (Xl> X2, X 3' t) ~XI~X2 
Similarly, the amount exiting the volume element during this time interval is 
presented as: 
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[
iil (XI + Llxhx2,x3,t) Llx2Llx3 +] 
ii2 (XhX2 + Llx2,x3,t) LlxlLlx3 + Llt 
ii3(XhX2,X3 + Llx3,t) LlxlLlx2 
Since the fluid volume is conserved, it has to be ensured that: 
(amount in) - (amount out) + (amount generated) = (increase in content) 
As during the flow time a release of material does not occur, the generation term can 
be neglected. Substituting in this equation the expressions given above, dividing 
through LlxlLlx2Llx~t and taking the limits as Llxh Llx2,Llx3 and M, leads to the fact 
that each are allowed to approach zero. This results in the equation of continuity and 
can be written using the divergence operator as: 
a(rpPa) + V.(p ii) = 0 
at a (4.1) 
Because the air flow is incompressible the volume of the element is not altered by 
changes in pressure. Since the porosity is considered to be constant, and the density 
of the materials do not change during motion, the derived equation can be expressed 
in terms of the continuity equation for single phase incompressible flows as: 
V.ii = 0 (4.2) 
4.2. Momentum Equation 
For describing the flow behaviour of the through air bonding system in addition to the 
standard field equations, constitutive equations are needed. Momentum is carried into 
and out of the control volume by the flow of air across its boundaries. The 
momentum flux is classified either as surface or body forces. 
The body force in the through air bonding process might include the gravitational 
force which will be neglected, and the surface forces are due to pressure and stress 
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components acting on the control volume surface. Hence the general momentum 
equation for flow is used as 
(4.3) 
P and u (vector) are the static pressure and velocity in the pore level, ' fl' and' P
a 
' 
are the dynamic viscosity and density of the air that flows through the system 
respectively. I, the body force can be neglected. 
Considering that V.(iiii) = (ii.V) the equation for incompressible fluid behaviour can 
be expressed as: 
Po [~~ + (ii.V)ii ] = -VP+ V.T + Pal (4.4) 
To describe the stress strain behaviour of the fluid, an additional constitutive equation 
is needed to define the stress T. As the used air is a Newtonian fluid, Newton's Law 
of viscosity states that there is a linear relationship between stress and strain. For an 
incompressible fluid Newton's Law of viscosity is written as: 
(4.5) 
where f == Vii + (Vii)T is the rate of the strain tensor. The law now shows that stress 
is proportional to strain. Substituting the constitutive equation (4.5) into (4.4) yields 
to the Navier-Stokes equations shown as: 
(4.6) 
with V.ii = 0 
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In the solution of the momentum equation, the porous media is modelled by the 
addition of a momentum source tenn to the Navier-Stokes equations. The source tenn 
existing due to the porosity of the media has been essentially described by Darcy's 
Law and is well established for flow through porous media (Whitaker (1977); 
Koemer et al (1984); Beliaev et al (1996); Ferran et al (2004)). Air permeability 
measurements showed clearly that the flow both through the wire mesh structures and 
porous nonwoven fabric is non-linear. This proposes that the flow through the 
investigated through-air bonding system comprises not only of the effect of viscous 
resistance in tenns of Darcy's law, but is also characterized macroscopically 
considering the effect of inertia on flow through the porous layers. 
This suggests the inclusion of·the non linear Forchheimer tenn into the source term 
added to the Navier-Stokes equations. Forchheimer (1901) pointed out that the 
departure of prediction by Darcy's law from measurements is due largely to the 
kinetic effect of the fluid which is not included in Darcy's model. Therefore, a term 
representing the fluid kinetic energy is added to the Darcy term. 
The used source tenn in the modelling approach is composed of two parts: a viscous 
loss term and an inertial loss term: 
(4.7) 
This momentum sink Si contributes to the pressure gradient in the porous cell, 
creating a pressure drop for a specified thickness of the porous layer. The first 
equation of the right hand side describes the viscous loss term where k is the air 
permeability, f.l the dynamic viscosity, and u the velocity vector . .i in this equation 
k 
is the constant viscous resistance factor. The Forchheimer regime which describes the 
transient regime from laminar to low turbulence (Fand and Varahasamy 1993), is 
presented as inertial effects, in the second term of the momentum source. f3 and P
a 
present the inertial resistance coefficient and the air density respectively. 
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Hence the momentum equation describing the system is extended to 
Pa 8(rpu) + Pa(rpu.V)u = -rpVP + pV\rpu) -(p + fJPa IUI)u (4.8) & k 2 
For an isotropic case like the one considered in this modelling approach, the 
resistance coefficients in all directions are the same. For deriving the viscous and 
inertial loss coefficients, the following empirical relations, which are based on a 
simplified version of the Ergun equation (Ergun 1952), can be used for the machine 
. . 
components: 
2 3 
k = Dp rp 
150 (1_rp)2 (4.9) 
D p is the mean particle diameter which can be substituted with the hydraulic 
diameter defined as the ratio of four times the area to the perimeter of the unit cell. rjJ 
refers to the volume fraction. For the inertial resistance factor fJ, the following 
equation is applied: 
/3=3.5(1-;) 
Dp rp 
(4.10) 
To define the resistance coefficients of the porous structures, an alternative to the 
equations (4.9) and (4.10) is to employ tabulated experimental data. Experimental 
data for the porous components in the form of pressure drop against velocity through 
the component enables the extrapolation of the data in order to determine the 
coefficients for the materials used. 
As the source term contributes to the pressure gradient, for a simple homogenous 
porous medium it is proportional to the fluid velocity (or velocity squared) in the cell 
and can also be formulated as: 
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ilP = au+bu2 (4.11) 
Hence, the coefficient, a, is the Darcy regime, where inertial forces are negligible in 
comparison with viscous forces. The coefficient b is the Forchheimer regime which 
describes the transient regime from laminar to low turbulence. A curve fit of the data 
is plotted to create a curve fit through these points yielding the equation (4.11) i.e., a 
polynomial in velocity, so taking the curve coefficients: 
(4.12) 
with ir the initial resistance factor and Pa, I1n the air density for the specified 
temperature and the porous layer thickness respectively. 
Likewise, with 
(4.13) 
where p, is the viscosity of the air, and !.. the viscous resistant factor, the coefficients 
k 
are derived. 
4.3 Energy Equation 
As the thermal behaviour of the through..,;air bonding process is investigated, the 
energy conservation equation has to be solved. In porous media regions, the energy 
conservation equation is solved with modifications to the conduction flux and the 
transient terms. 
In the porous medium, the conduction flux uses an effective thermal conductivity and 
the transient term includes the thermal inertia of the solid region on the medium. The 
general form of the energy equation used in the modelling process is as follows: 
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!t (CPPaEa + (1- cp) PsEs) + 'V. ( u(PaEa + p)) = 'V. [ kejJ'VT - (~h;Ji) + (~)u ] + S~ 
(4.14) 
where Ea is the total fluid energy, Es' the total solid region energy, cP the porosity 
of the medium. kejJ' refers to the effective thermal conductivity of the medium, and 
S~ is the fluid enthalpy source term. J i is the diffusion flux of species i. The first 
three terms on the right-hand side of Equation (4.14) represent energy transfer due to 
heat conduction, species diffusion, and viscous dissipation, respectively. 
In equation (4.14), the total energy E of the components i.e. air or solid region is 
defined as: 
P u2 E=h--+-
P 2 
where sensible enthalpy h is defined for incompressible flows as 
(4.15) 
(4.15) 
Yi ih equation (4.15) is the mass fraction of species of i, and hi is formulated as: 
(4.16) 
where Tref is assumed to be as 298.15 K. During the thermo-fluid flow in the 
through-air bonding system, different thermo physical processes occur. One of the 
special occasions is that the bi-component fibres of the nonwoven web layer are 
subjected to melting. A phase change of the fibres has to be accounted for in the 
energy equation. 
Another point of investigation is that during production, depending on the climate 
changes a high energy loss is investigated resulting in high energy consumption. To 
investigate this effect the air moisture transport is considered solving the energy 
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equation with inclusion of species transport. To model each sub problem more 
accurately and in less computational time, the energy equations used in this study are 
divided into two categories. The first one considers the phase change of the bi-
component fibres, and the second derived equations are used for the modelling of the 
air moisture transport in the through-air bonding process. 
4.3.1 Melting of Bi-Component Fibres 
Processes related to melting and solidification encompasses a range of engineering 
and scientific disciplines and occurs in many applications among which the through 
air bonding process is one. During the through-air bonding process, to achieve the 
desired thermo fusion of the bi-component fibres, melting and solidification takes 
place. The numerical modelling of phase change problems are generally divided in 
two groups. 
The first group utilizes independent conservation equations for each phase and 
couples them with appropriate boundary conditions at the phase interface. Such 
methods are often referred to as multiple region or multiple domain solutions. The 
second group consists of single region (continuum) formulations which eliminate the 
need for separate phase conservation equations (Bennon and Incropera (1987». 
The multiple region approach requires the formulation of the discrete interfaces 
between the phases, which complicates the mathematical description for the 
nonwoven fabric extremely. Unlike pure substances, multi constituent systems do not 
exhibit a sharp interface between solid and liquid phases. In fact, due to impurities 
(intentional or otherwise), discrete phase change rarely occurs in practice. 
Since the complicated phase interfaces are not tracked, single region formulation for 
the melting of the nonwoven fabric layer is suitable for treating the continuous 
transition between the solid and liquid phases. In ord~r to account ,for the interfacial 
structures of the constituents, the macroscopic model equations are based on 
volumetric averaging of the microscopic conservation equations. 
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In order that the entire domain can be treated as a single region governed by one set 
of conservation equations, the energy model of Beckermann and Viskanta (1988), 
Hossain et al (2005a) is used. For the averaged mass and momentum conservations, 
the previously derived equations are used. The macroscopic transport equations, 
volumetrically averaged, with phase change assumes to occur volumetrically over a 
small temperature range. 
The liquid fraction of the sheath fibre y is in the melt region defined as completely 
liquid, so that the liquid sheath fibre volume fraction y is equal to the sheath volume 
fraction & which is e(1- rp) ofthe air volume fraction (porosity) rp of the volume and 
is I. In the solid region & = r = 0 . Due to the porous matrix irregularities, the volume 
element close to the melting temperature might be simultaneously in the liquid and 
solid phase. In this situation the liquid fraction is 0 < r < 1 ; and 0 < y < e(1- rp). The 
averaged energy equation for the matrix/solid/liquid mixture can be written as 
hlf/ refers to the enthalpy of the constituents I.f/ in which a refers to the air; for the 
melting sheath fibre component I is the liquid state, s the solid state and c 
represents the core part of the bi-component fibre which is due to its thermo physical 
properties in solid state. kejf and T are the effective thermal conductivity and 
temperature of the mixture respectively. Even though the phase change is assumed to 
occur at a discrete temperature, in a volume element containing the porous matrix as 
weU as the solid and liquid, the average temperature may be slightly higher or lower 
than the melting temperature. 
Hence, it is assumed that both solid and liquid may exist simultaneously in a volume 
element, if its temperature lies within a small temperature difference I1T, on either 
side of the fusion temperature. 
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For a volume element undergoing phase change (i.e. 0 < r < 1), a change in the mean 
enthalpy of the fluid is due to a change in the sensible heat of the liquid/solid mixture 
plus the contribution of the latent heat which can be expressed as: 
(4.18) 
where cf//' is the specific heat capacity of constituent I.f/ • Substituting equation (4.18) 
into equation (4.17) and simplifying leads to the conservation equation of energy for 
melting of liquid saturated porous media. 
(4.19) 
The equation is the volume averaged energy equation for the general control volume 
containing the porous medium solid-liquid mixture. The mean thermal capacitance of 
the solid-liquid mixture is defined as: 
. (4.20) 
The effective thermal conductivity keff of the mixture is calculated usmg the 
continuum theory of mixtures considering the volume fraction of the bi-component 
fibres and can be expressed as: 
(4.21) 
The thermal conductivity of the liquid saturated nonwoven under static conditions is 
assumed to be the same as that for a transient system with a flowing fluid in which 
dispersion effects may be present. Although in solidification systems, it is important 
to recognize the large differences in scales upon which the various phenomena occur. 
The development of the transport equations takes place on the macroscopic scale with 
a number of computational cells being used to resolve the two-phase region (Voller 
and Brent 1989). 
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Despite the melting of the fibres in the continuum nonwoven is investigated on a 
macro scale, the process is considered to be a meso model due to the problem level 
located between the four layer through-air bonding system and the discrete fibres. 
A detailed study modelling the individual fibre bonds considering their discrete 
structure was performed by Hossain et al (2005b) in previous studies. 
4.3.2 Air Moisture Transport 
Air moisture content during the through-air nonwoven production is of considerable 
practical significance, since it affects the final product properties. The term relative 
humidity is usually used when water vapour in air is considered. The term moisture 
also applies to extremely dry gases, when water vapour is considered an impurity. 
The relative humidity expresses the relation between the amount of water vapour 
present and the maximum amount that is physically possible to hold in the air at that 
. temperature. In other words, relative humidity, expressed in per cent, is the partial 
water vapour pressure in relation to the water vapour's saturation pressure. If the 
maximum amount of water vapour has been reached and more water is introduced 
into the air, an equal amount of water must transform back to liquid through 
condensation. 
At this point, the air is said to be saturated with water, and the relative humidity is 
100%. On the other end of the scale, when there is no water vapour in the air, the 
relative humidity is 0% whatever the temperature. In other words, relative humidity 
always lies between 0 and 100%. Hence the ability of air to hold water vapour is 
strongly dependent on temperature. In winter conditions during production, as the 
cold air with higher relative humidity enters the production area, it is heated up. 
The amount of water will remain constant, i.e., no water is removed or added to the 
air. Because of this heating, the saturation pressure of the water vapour rises (i.e. the 
maximum possible amount of water vapour held in the air), but the partial pressure of 
the water vapour is unchanged. In this case, the relative humidity will drop. As the 
water evaporates, it consumes heat. The energy is used to vaporize the water and raise 
the temperature of the humid gas. This has great priority in production in terms of 
process optimisations and energy efficiency. 
-75 -
Mathematical Modelling 
Hence there is a particular need for monitoring the effects of air moisture on process 
parameters in order to achieve consistent product properties under specified machine 
settings during climate changes. 
Heat and moisture transport in such porous medium are coupled in a complicated 
way. Water moves under the action of gravity and a pressure gradient whilst the 
vapour phase moves by diffusion caused by a gradient of the vapour density. On the 
other hand, heat is transported by conduction, radiation and convection. 
It is known from previous works that water movement through unsaturated porous 
media is often caused by a temperature gradient. Water evaporates from hot regions 
and moves across the gas-filled pores by diffusion and condenses on the cold region 
thus releasing its latent heat of vaporization (Bouddour et aI1998). 
Consequently, the contribution of the water vapour diffusion in the air-filled pores 
and its induced 'latent heat transport' is incorporated into the modelling of the energy 
equation. The solid is considered as rigid, where as the gas phase in the pores is 
considered to be a mixture of air and water vapour. No hysteresis is assumed to be 
occurring and heat radiation transfer, gravity and physicochemical interactions 
between the solid and the fluid mixture is neglected. 
If the binary mixture of the two miscible constituents of which the air is the solute 
and the water vapour the solvent, supposing that M is the mass fraction of the water 
vapour, Dm the molecular diffusivity, and J the total diffusivity flux of the water 
vapour, the continuity equation for the phase would be: 
with 
aM 
-+V.J=O 
at 
J=Mu-Dm- VM 
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this yields to the convection diffusion species transport equation for the water vapour 
phase 
aM 
-+ V.(Mu) = V.(DmVM) 
at (4.24) 
a similar equation can be derived for the air phase of the mixture with a mass fraction 
N, gives: 
aN 
- + V.(Nu) = V.(DmVN) 
at (4.25) 
Moreover as the equations have to represent a porous system, adding the porosity and 
the mixture density i.e. the density of the gas, the combined equations. can be written 
as 
(4.26) 
where Xi represents the mass fraction of species i, and rp the volume fraction ofthe 
gas. 
4.4 Continuum Theory of Mixtures 
The basis of the description of porous media, using elements of the theory of mixtures 
restricted by the volume fraction concept, is the model of a macroscopic body, where 
neither a geometrical interpretation of the pore structure nor the exact location of the 
individual components of the constituents are considered. The procedure involves the 
concept of volume fractions to distribute the mass of the solid body and the fluid over 
the total control space, which is shaped by the solid body. The distribution takes place 
with the help of the porosity which fixes the ratios of the volumes of the constituents 
to the volume of the control space. 
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The substitute continua occurring with reduced densities for the solid and fluid phases 
which fill the control space simultaneously can be treated with the mixture theory, 
because in mixture theories, as well as it is assumed in continuum mechanics, that the 
individual parts of the mixture cover the total control space (De Boer 2000). The idea 
is to replace the medium with a hypothetical homogeneous one which somehow 
mimics the behaviour of the disordered one and then calculate the homogenous 
medium's properties. 
The effective material and thermo physical properties of the through-air bonding 
system constituents used in this modelling approach are determined from a 
combination of experiments and calculations based on the theory of mixtures. 
4.4.1 Effective Density 
The effective density for both the mesh support structures and the nonwoven layer 
can be calculated using the weighted average of the constituents and can be shown as: 
PejJ.= rpsPs +rpaPa (4.27) 
4.4.2 Effective Specific Heat Capacity 
The effective specific heat capacity of the meshed structure and the porous fibrous 
nonwoven layer can be calculated using the effective density calculated in Eq. (4.27) 
and followed by 
C P'if = qJ sP s( c P ) s + rp aP 0{ C P ) a 
PejJ 
(4.28) 
where rps and rparepresent the volume fraction of the solid and air respectively. 
4.4.3 Porosity 
For the porosity calculation of the materials, two different approaches are adopted. 
The following sections explain the procedure from which the porosities of the wire 
mesh structures and the nonwoven fabric are obtained. 
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4.4.3.1 Wire Mesh Structures 
Figure 4.2.(a) illustrates the discrete model ofa wire mesh structure. A unit cell of the 
plain weave is shown in Figure 4.2.(b). The serpentine wire filaments have a diameter 
of Dx and Dy, and corresponding mesh numbers Mx and My. The wire filament 
pitches in the x and y directions are IlMx (mm) and lIMy (mm) respectively. 
y 
Lx 
Dy 
a) b) 
ttfR If! 
i ! I 
/ I I 1// ! I I . 
f I ( 
Dx+Dy 
c) 
Figure 4.2: Physical modelling of wire mesh structures (a) discrete model; 
(b) unit cell; (c) mesh thickness 
To mathematically model the wire mesh structures of the metal components, the mesh 
thickness has to be defined. In the absence of crimping the mesh has a thickness of 
t={Dx+Dy)[Figure 4.2.(c)]; and the wire lengths Sxand Sy in the unit cell are 
expressed as (Luo and Mitra (1999); (XU and Wirtz (2002»: 
1 DyMx DyMx 
r ( J2 ( J
4
1 Sx= Mx 1+9.6 -4- -49.2 -4- (4.29) 
1 DxMy DxMy 
r ( J2 ( J
4
1 Sy= My 1+9.6 -4- -49.2 -4- (4.30) 
The meshed structures used in this research are not layered laminates; therefore, the 
interleaving effect that is caused due to multiple stacked layers can be neglected. In 
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this case, the thickness of the mesh is t = Cl (Dx + Dy) , where Cl is the compression 
factor. 
Restricting the attention to one layer mesh, the compression factor is considered to be 
Cl = 1 . Assuming the structures as isotropic will result in equal wire thickness i.e. 
Dx=Dy=D, and a mesh number of Mx=My=M. These expressions lead to the 
calculation of the porosity of the mesh: 
(4.31) 
where, C 1{1- rp) is the reduced metal fraction. Due to the porosity of the wire mesh, 
the effective thermal conductivity of these materials is relatively low, so that much of 
the gain in performance obtained by having a large surface area is lost by having a 
relatively low thermal conductivity. 
For the effective thermal conductivity of the mesh structures, isotropic behaviour can 
be considered, as attributed to earlier studies (XU and Wirtz 2002). Since the woven 
structures are assumed to be isotropic the effective thermal conductivity of the wired 
structures can be calculated from the following: 
(4.32) 
with C = 123( M xDy ) 
4 
- 384( M xDy ) 
2 
- 640 and ky the effective thermal conductivity 
in inplane direction. K fs refers to k I, where k 1 and k s are the thermal 
ks 
conductivities of air and solid material respectively. 
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4.4.3.2 Nonwoven Web 
By considering the flow rate and the pressure drop across the material, a relationship 
for the volumetric flow rate through the sample material as a function of pressure 
drop across the sample was introduced previously. 
The air is considered to be a homogenous isotropic incompressible fluid as defined by 
Darcy, so that the coefficient of permeability is a constant scalar. Using the 
relationship between the air permeability and porosity enables us to approximate the 
porosity of the porous nonwoven material. The medium is said to be homogenous 
with respect to a certain property i.e. permeability if that property is independent of 
position within the medium. For the calculations, isotropy is used with respect to the 
nonwoven's permeability, and considered as constant. The porosity value for the 
porous nonwoven fabric is calculated from a model given by McGregor (1965) and 
Denton (1963) as: 
(4.33) 
The fiber diameter values are supplied by COLBOND, bv. and the permeability 
constant is calculated as formulated in Eq. (4.11), (4.12) and (4.13). The Kozeny 
constant Ko in the equation is assumed for textile assemblies to be 5.5, and this value 
is used for the calculations. 
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5.1 Solid Modelling 
The solid model is the digital representation of the geometry of the physically 
existing object. It plays not only a major role in the discrete-part manufacturing 
industries but also for the application of numerical simulations. It particularly has 
evolved to provide the set of fundamental tools for representing a large class of 
products and processes, and for performing on them the discretisation required by 
numerical analyses. 
For the CFD analyses performed in this research, the detailed approximation of the 
through-air bonding machine geometry has been designed using technical drawings 
supplied by COLBOND bv. The design process is incremental, based on specifying 
dimensions, positions and orientations of key points, lines, curves surfaces, and 
combine those using tools like union, intersection, or difference operators. The 
drawing process is executed on a commercial CFD pre processor tool. The 3D solid 
model of the through air bonding machine is illustrated in Figure 5.1. 
Figure 5.1: 3D solid model of through-air bonding machine 
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In most of the fields of the computational mechanics a crucial question is whether or 
not two-dimensional models are capable to provide a reasonable description when 
modelling of the system is performed; and if so, what their limitation of the 
applicability is. Three dimensional models are much more relevant than two-
dimensional ones for simulating flows through porous media. 
However, such three-dimensional computations are extremely expensive and time-
consuming, even using periodic structural models. Fortunately, a series of numerical 
investigations using volume averaged equations applied both to two-and three-
dimensional models reveal that the two dimensional models lead to the expressions 
for the permeability almost identical to those obtained using three dimensional 
models. Even predicted thermal dispersions for instance, were found to be very close 
to what had been experimentally observed (Kuwahara et al. 2001). 
Fluid particles experience complex three-dimensional motions while passing through 
a microscopic porous structure, therefore, in thermo-fluid flow during through-air 
bonding process, intuition suggests that the approximation of the system behaviour 
well corresponds to the three-dimensional case, however it is necessary to perform 
special investigations to prove or disprove this assumption. 
Hence, another focus of the research is to examine numerically the thermo-fluid flow 
and species transport behaviour of the through air bonding system in two- and three 
dimensional formulations of the problem, and based on the comparative analysis with 
the experimental measurements, it is expected to obtain proper conclusions about the 
correspondence between the 2D and 3D approaches. 
5.2 Computational Fluid Dynamics (CFD) Approach 
The development of the transport equations accounting for the nature of the system is 
the formulation of the problem, and has been introduced in Chapter 4 .. The 
implementation of this formulation on making various assumptions together with 
presenting them on a computational domain is the specific model. Solving the 
formulation in terms of field variables represents the averaged or effective 
parameters. 
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Modelling fluid flow, heat, and moisture transfer in a thermal bonding system is in 
great practical importance. The CFD modelling is capable to virtually simulate the 
thermo-fluid flow and moisture transport through the system and in the nonwoven 
stack in particular. In the current research, different phenomena like phase change 
i.e., the melting of fibres, and the water vapour transport are examined on a macro 
and meso scale. The analyses also concern the energy consumption of the system 
components in connection with the process and product optimisation. 
The computational modelling proposed in this section involves 2D and 3D analyses 
comprising the typical components of the through-air bonding system i.e., of the 
drum, drum cover, nonwoven and the conveyor belt. Each component of the system is 
treated as a porous zone which is modelled as a continuum phase. 
5.2.1 2D Modelling Approach 
The bonding of fibres i.e. the thermal fusion of the thermoplastic fibres occurs in the 
heating zone where the hot air flows. This region is occupying a 2360 section of the 
thermal bonding system. The system involves the drum, drum cover, the nonwoven 
layer and the conveyor belt. 
The depth of each layer in the z-direction which is the width of the machine is 1m. 
This is infinitely long when it is compared to the thousand orders smaller value of the 
thickness of the analysed 4 layers, therefore the temperature distribution along this 
axis is assumed to be uniform and can be neglected. 
Because the metal parts are produced from stainless steel DIN1.4301 and DIN 
1.4401, they are assumed to be isotropic and also having constant density and thermal 
conductivity. CFD analyses have to be very carefully planned and executed, which 
will contribute significantly to the success of the modelling effort. As the system has 
a cylindrical structure and in order to fit the problem within the memory constraints 
of the computer, as well as to take converge in a reasonable time, a 2-D continuum 
modelling approach with a 50 section of the system is considered. 
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5.2.1.1 Geometry & Grid Generation 
The geometrical structure of the CFD model is modelled such that, 4 layers 
representing the system components lay on top of one another. The model comprises 
4 cell zones (each representing one system layer) and 16 face zones. The cell zones 
are presented as porous fluid zones, allowing the air to flow through each model 
component. 
The face zones represent the interior, shadow and periodic faces. To approximate the 
mathematical equations by a system of algebraic equations for the variable at discrete 
locations in space and time, a numerical grid has to be set up. This is the geometrical 
domain on which the formulated mathematical models are solved. The solution 
domain is divided in finite sub domains. 
For this purpose the discretisation method 'The Finite Volume Method' is applied. 
The numerical grid of the computational domain is chosen as structured i.e., a regular 
structure or topology, where the points of the mesh can be imagined as a grid of 
points placed in a regular way throughout a cuboid (Shaw 1992). 
Each point has four nearest neighbours in two dimensions and SIX III three 
dimensions. This neighbour connectivity simplifies programming, and the matrix of 
the algebraic equation system is solved faster. Perhaps the biggest advantage of the 
staggered arrangement is the strong coupling between the velocities and the pressure. 
This helps to avoid some types of convergence problems and oscillations in pressure 
and velocity fields. 
This is due to the implicit relationship that exists between the number of a cell or a 
point and the number of its neighbours in a regular mesh, which enables data to be 
found easily. No such relationship occurs for meshes that have an irregular structure 
and so when trying to find the values of flow variables in neighbouring volumes there 
must be a computational overhead. This often takes the form of a look-up table which 
relates the faces to the cells. A hierarchical system is used to build the mesh. The 
entity key points divide the edges of the geometry, and those key points link to form a 
line. By combining adjoining lines, new edges are formed. 
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If four edges form a closed loop they can be seen to be the boundaries of a surface 
and six surfaces can be used to bind a volume. This set of relationships is determined 
by the elements being considered as, once the surfaces for a two-dimensional problem 
or the volumes for a three-dimensional problem are defIned, the cells can be formed. 
This is done by mapping the surfaces into a square, and by mapping the volumes into 
a cube. These squares and cubes (three dimensional) are used to defIne a local 
coordinate system in which the cells can be created before being transformed back to 
the global coordinate system which defmes the real domain. The 5°sector of the 
geometry and the structured mesh sample is illustrate~ in Figure 5.2. 
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Figure 5.2: (a) 2D geometrical model; (b) generated mesh 
The grid lines of the mesh are composed of quadrilateral elements. A node number of 
8241 was suffIcient to reach a grid independent convergence of the system. For 
meshing the edges of the system, an interval count of 3 and an interval size spacing of 
0.02 are used; whereas for the faces, an internal count spacing of 10 and an interval 
size spacing of 1 is applied. 8480 elements and 17 element groups are used. Table 3.1 
illustrates the material properties used during analyses. S200 and SI 00 refer to 
200g/m2 and 100g/m2 type nonwoven respectively. 
Table 5.1: Material properties used in the continuum media approach 
S200 S100 Drum Drum Cover Steel Be~ Air [225°C] Air [22°C] 
Density (kg/m3) 157.23 144.72 5360.3 3966.39 4415.2 0.704 1.19 
Cp (J/kgK) 192.9 192.9 500.026 500.047 500.04 1029.93 1005.27 
Porosity 0.88 0.89 0.33 0.7 0.43 
Viscosity (kg/ms) 2.63&5 1.7ge-5 
K(W/mK) 0.168 0.125 15 15 12 0.040 0.023 
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5.2.1.2 Specifying Boundary Conditions 
For an accurate analysis, the proper boundary conditions and boundary types have to 
be specified. For the continuum type of the boundaries, porous fluid zone is defined. 
The boundary conditions applied to the system is illustrated in Figure 5.3. 
Inlet boundary 
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Q) 
0 0.445 c: Outflow boundary 
~ 
0 
0.44 
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Periodic boundaries ------' J 
0.01 0.02 0.03 0.04 
Distance in x-direction [m] 
Figure 5.3: Boundary conditions of the 2D model 
The inlet boundary conditions are given for the air entering the ~omain as velocity 
and temperature. For more accurate simulations of porous media flows, it becomes 
necessary to solve for the true, or physical velocity throughout the flow field, rather 
than the superficial velocity. Considering this, physical velocity values i.e. the value 
that enters the system before multiplied by the porosity are used. 
The outflow boundary is modelled as to be setting the pressure to zero. Doing so, the 
velocity components are left to fmd their own values which will have a zero spatial 
derivative in a direction normal to the boundary. The radial velocity of the air flowing 
into the system is the value measured experimentally. 
Since a section of the system is considered, periodic boundary conditions are 
imposed. Periodic boundary conditions are used when the physical geometry of 
interest and the expected pattern of the flow/thermal solution have a periodically 
repeating nature. These boundaries come in pairs and are used to specify that the flow 
has the same values of the variables at equivalent positions on both of the boundaries. 
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This is realised by allowing the fluid particles leaving the unit cell from any side to 
re-enter it from the opposite side (Belov E.B. Lomov S.V. et al. (2004)). Upon this 
comments rotational periodic boundary conditions are applied. 
The flow at a periodic boundary is treated as though the opposing periodic plane is a 
direct neighbour to the cells adjacent to the first periodic boundary. Thus, when 
calculating the flow through the periodic boundary adjacent to a fluid cell, the flow 
conditions at the fluid cell adjacent to the opposite periodic plane are used. 
5.2.1.3 Fluid Properties 
The fluid properties i.e. , the air that passes through the porous system is defined for 
the heating zone and for the cooling zone separately. The fluid properties are given 
for the general model as values for the air at the specified temperature. 
Considering the low aIr flow velocities associated with low Reynolds numbers 
enables the physical modelling approach as to be as laminar flow, unsteady combined 
with heat transfer and species transfer. The air is assumed to be incompressible within 
each modelling zone, i.e. for heating and the cooling zone. 
The modelling of the air moisture comprises the air-water vapour mixture properties 
and is calculated using the incompressible ideal gas law, mass weighted mixing law, 
and the kinetic-theory. The process parameters used for the simulations are illustrated 
in Table 5.2 
Table 5.2: Process parameters used in the continuum media approach 
Process Parameters S200 S100 Drum Drum Cover Steel Be~ Air (225·c) Air (22·c) 
Inertial res. factor B.25e-3 4.92e·3 21751 .02 4365 10361 .22 
Viscous res.factor 573614.15 367416.56 2.B1e+OB 79520B ·3.11e+07 
Air Inlet Velocrty (m/s) 0.665 0.51 
Initial Temperatures (· C) 23 23 145 145 30 225·230-235 22 
- 88 -
Computational Modelling 
5.2.1.4 Solution Method 
The velocities involved are low enough that the problem is modelled assummg 
incompressible flow. The physical model setup is for laminar flow; therefore a 
segregated solver is appropriate. 
The coupled implicit solver which couples the flow and energy equations and often 
results in faster solution convergence is not chosen, first of all because it requires 
more memory (1.5 to 2 times) than the segregated solver, and second the physical 
velocity formulation for porous media can not be used with the coupled implicit 
solver. 
The segregated and coupled approaches differ in the way that the continuity, 
momentum, and (where appropriate) energy and species equations are solved. The 
segregated solver solves these equations sequentially (i.e., segregated from one 
another). The segregated solver traditionally has been used for incompressible and 
mildly compressible flows. The coupled approach, on the other hand, was originally 
designed for high-speed compressible flows. 
The calculation of the pressure value is achieved from the continuity equation. For 
this purpose a velocity pressure coupling is done using SIMPLE (Semi-Implicit 
Pressure Linked Equations) algorithm. It relies on that the momentum equation is 
discretised in its vector components and a modified version of the continuity equation 
is used to calculate the corrected pressure value. 
A pressure field is first guessed to solve the momentum equations. The pressure 
correction and velocity correction are then calculated and used to improve the 
solutions of the pressure and velocity fields respectively. This procedure is iteratively 
implemented until a converged solution is obtained. For details of the method it is 
referred to Veersteg and Malalasekera (2007), Wesseling (2001). Before iterating to 
achieve a solution, the flow field is initialised to provide a starting point for the 
solution. The initial solution is computed from the velocity inlet boundary conditions 
specified with the appropriate air velocity and temperature. Double-precision 
calculations are chosen to impair more accurate results which are chosen for porous 
media problems. 
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The non-linearity of the equations forces the solution process to be iterative, 
regardless of whether the problem is time dependent or not. This means that an initial 
solution, normally a guessed solution, is required at the start of the solution process, 
and then the numerical equations are used to produce a more accurate approximation 
to the numerically correct solution, which is one in which all the variables satisfy the 
governing equations. 
This new approximation, the updated solution, is then used as the new starting 
solution and the process is repeated until the error in the solution is sufficiently small. 
The number of iterations i.e. the number of calculations in the transient simulations is 
chosen to be for the heating zone as 22450 and for the cooling zone as 4500, with a 
time step of 0.001 seconds which will result in a calculation time of22.45 seconds for 
the heating zone, and 4.5 seconds for the cooling zone. 
This is the time the nonwoven is subjected to air flow with belt through put speed of 
5rn/min. The assessment of the numerical accuracy is done investigating the grid 
resolution and criteria for iterative calculations. Furthermore, the solution is validated 
using experimental measurements. 
5.2.3 3D Modelling of the Through-Air Bonding Process 
The ultimate computational investigations in the research of the thermal bonding 
process comprise the analyses of the bonding area i.e. the heating zone of the through 
air bonding machine. The approach investigates the bonding system in full scale. For 
this purpose the machine is modelled considering the 2360 heating zone section ofthe 
bonding machine. The width of the model is as previously mentioned lm. The hot air 
which is released in to the heating zone flows through the belt, nonwoven web, drum 
cover and the drum respectively. 
The machine parts are modelled as a solid wall; the interior parts which compose of 
the porous components are modelled as porous layers. The 3D machine model is 
presented in Figure 5.4. 
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Figure 5.4: (a) 3D model of the through air bonding machine; 
(b) system components 
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The numerical discretisation of the model consists of quadrilaterallhexahedral 
elements. This cells suit the problem well due to preventing a high aspect ratio. 
Hence, they are reducing the number of elements used to discretise the computational 
domain which is suitable for this kind of geometrical problems. The discretisation of 
the full scale system is illustrated in Figure.5 .5. 
Distance in x-<llrectil? n [cm] 
a) 
E 
~ 
c: 
o 
Air ':8 
domain · ~ ~ 
porous 
layers 
>. 
~ -5 
c: 
'" Vi
i5 
b) 
Figure 5.5: (a) Numerical discretisation of the 3D thermal bonding machine; 
(b) numerical grid representing a section 
A very fme grid consisting over 1 million elements is applied to achieve grid 
independent solution. The computational memory constraint allows the use of the 
structured fine grid, so there is no need to use an unstructured grid composed of a 
triangular/tetrahedral mesh. 
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The region of interest i.e. the porous layers could be intelligently fine meshed using 
this cells, but due to this aspect ratio of the computational domain, the risk of 
producing highly skewed cells is very likely. This would impede accuracy and 
convergence of the solution. 
The region in which the air is released into the system is specified as velocity inlet. 
To prevent reverse flow the outflow is defmed as a pressure outlet. The air 
temperature and the pressure of the inside of the system are well known due to the 
thermocouples and pitot tubes which are located inside the machine. For the solution, 
the pressure boundary condition is used at the outflow of the system and extrapolates 
all other conditions from the interior of the domain. 
The boundary conditions used for modelling the bonding process is shown in Figure 
5.6. The front panel of the machine is not illustrated to enable an inside view of the 
machine. This part is also defined during the analyses as a stationary solid wall where 
the no-slip condition is valid. 
Inlet boundary 
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~x 
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Outflow boundary 
Wall boundaries 
of the machine 
of the bonding system 
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Figure 5.6: CFD modelling of the bonding process 
and the applied boundary conditions 
For the solution of the 3D problem, the formulated equations in Chapter 4 are used. 
To computationally solve the problem, like in the 2D approach it is referred to a 5° 
sector to make a proper comparison with the 2D analyses. Figure 5.7 shows the 
computational approach used. 
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a) b) 
Figure 5.7: (a) through-air bonding machine; (b) 5° section of the machine 
The difference compared to a 2D approach is the application of a computational air 
domain which is illustrated in Figure 5.8. 
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ofthe air domain 
Figure 5.8: (a) 5° sector 3D model; (b) system components; 
(c) applied boundary conditions 
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The analysed field is subtracted retaining the porous structures in the domain to 
achieve the fluid flow through those layers. Meshing and the solution procedure is the 
same as used in the 2D approach. Furthermore, stationary solid wall boundary 
conditions are added to the end regions of the system in z direction. Because the flow 
is laminar, the no-slip conditions are applied (u=v=w=O). The thermal conditions are 
specified as heat flux. The transient solver combined with heat transfer is enabled to 
predict the temperature distribution within the computational domain. The solution 
time is set as for the 2D analyses. The detailed analysis results and c~mparison of the 
2D vs. 3D analyses are given in Chapter 6. 
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Results and Discussion 
6.1 2D Macro Scale Modelling Approach 
The computational analyses perfonned in this chapter are calculated usmg the 
commercial CFD tool FLUENT®. For the 2D macro scale analyses, a nonwoven 
thicl91ess of 0.909mm corresponding to 200g/m2 was used. The conveyor belt speed, 
in other words the web throughput speed was 5m1min. The air fan speed was 
1000rpm. 
6.1.1 System Analysis 
6.1.1.1 Temperature Distribution 
For the solution of the continuity, momentum and the introduced general fonn of 
energy equation, the CFD technique is used. The material properties and the process 
parameters used for the calculations are given in Table 5.1 and Table 5.2 respectively 
in Chapter 5. Figure 6.1 illustrates the numerically computed area weighted 
temperature distribution of the complete through-air bonding system over time for an 
applied air temperature of 225°C and the measured average air velocity of 0.665m1s. 
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Figure 6.1: Temperature distribution of through-air bonding system 
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A computation time of 22.4 seconds was used which is the time the nonwoven web is 
subjected to hot air flow. The computed temperature distribution shows that the 
nonwoven and the belt are heated up nonlinearly. Whereas the drum cover and the 
drum show an exponentially decay for the first 2.5 seconds. This behaviour can be 
explained by Newton's Law of Cooling. 
The rate of change of the temperature is proportional to the difference of the material 
temperature and the environment temperature i.e., the air. The belt and the nonwoven 
temperature rise at a rate proportional to the difference from the hot air. The deviation 
from the linearity is due to the rate of heat gain. 
The behaviour of the drum and drum cover show a typical cooling process for the 
first 2.5 seconds due to the contact of a cooler surface. Because the drum cover is in 
direct contact with the cooler surfaces, the gradient on the surface is larger, and as a 
result the drum cover temperature drops faster than the drum temperature. 
As the temperatures of the contacting materials approach equilibrium, a temperature 
rise starts again following a linear behaviour like it is observed in the heating up 
region of the belt and the nonwoven web. 
The temperature values show that the belt reaches the highest temperature value. The 
temperature of the nonwoven hardly reaches the melting point of the bi-component 
fibre material that is 221 QC. This would in practice reduce the number of bond points 
and the associated bond point strength. 
6.1.1.2 Air Velocity Distribution 
The numerically calculated velocity distribution of the air flowing through the 
bonding system is shown in Figure 6.2. The air velocity for each of the layer shows 
uniform flow behaviour. In reality there will be no flow where the air intersects the 
solid region. Therefore, the flow would be not uniform. The concern is not with the 
details of the local velocity variation but only with the mean velocity over the area of 
each layer that is small in comparison to the whole system but large compared to the 
size of each ofthose small regions.' 
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Therefore the area averaged velocity is computed at a point in the flow that IS 
integrated over the surface or volume of the chosen control system. 
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Figure 6.2: Air velocity distribution within the bonding system 
The velocity magnitude distribution is based on the use of the area averaged velocity 
components. From Figure 6.2 it is seen that the lowest velocities of the air flow occur 
in the nonwoven web. This is because this layer has the highest porosity, i.e., the free 
flow path of the air is the highest therefore with a constant mass flow rate for an 
instant time; the velocity will be lower for a higher empty space which is the void. 
Again for the same reason the airflow through the drum with the lowest porosity 
achieves the highest values. 
6.1.1.3 Heat Consumption 
For the energy efficiency of the through air bonding system, the calculation of the 
heat content is exceedingly important. The numerical calculations provide 
information about the energy consumption of the system which is important for the 
optimisation of the process and the design of machine components. Figure 6.3 
illustrates the heat content per unit area of the system. Relative values are used based 
on the 5° model sector. Because ofthe large range values the data covers, the values 
are presented as exponents. 
- 97-
~ 
-, 
---- Conveyerben 
6.0E+05 - - - - Drum 
-- Drum cover 
-- Web ..,. ... -------
... -
",'" , 
4.0E+05 / 
/ 
I 
, 
, 
, 
" 
, 
=. 2.0E+05 
I 
I 
I 
I 
, 
, 
(;j 
Q) 
:::c 
I 
! 
O.OE+OO _' " 
, , 
'-' 
, 
~ 
... 
-2.0E+050 2 4 6 8 10 12 14 16 1820 22 24 
Time [5] 
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Figure 6.3: Heat consumption of the through-air bonding process 
The results of the simulations show that there is a great difference of the heat content 
distribution within the through-air bonding system. It is clear that the belt absorbs the 
highest amount of heat; whereas the nonwoven fabric achieves the lowest rates. This 
is due to the enthalpy differences of the system components associated with the mass 
of each of the layers. The belt with the low temperature needs a high amount of 
energy to be heated up compared to the drum cover and drum which have much 
higher initial temperatures. The drum with its higher mass needs longer time to be 
heated up further, thus the drop in temperature in the first 3 seconds. 
6.1.2 Machine Component Analysis 
To investigate each component separately, the equations for the continuity, 
momentum and the general energy equation describing the macro model were solved 
numerically for an air temperature of 225°C, 230°C and 235°C. This will not only 
enable to have a thorough look at each system layer, but also provide the main 
computational results for the experiments carried out at the same temperatures. 
The simulations were carried out using an air inlet velocity of 0.665 m1s. The 
resistance factors of the material, and the material properties of the air are adjusted 
prior each of the simulations for providing the conditions present at each air 
temperature. The results for each machine component and the nonwoven web are 
presented. 
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6.1.2.1 Conveyor Belt Analysis 
Figure 6.4 illustrates the numerically computed temperature distribution and the 
absorbed heat content of the conveyor belt over time for the three different air 
temperatures. The initial belt temperature used is 30°. 
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Figure 6.4: Conveyor belt analysis (a) Temperature distribution; (b) Heat consumption 
Results of the simulations show that the maximum temperatures achieved for the air 
inlet temperatures of 225°C, 230°C and 235°C are 223.9°C, 228.8°C, and 233.7°C 
respectively. The heat content graph shows the same close distribution suggesting 
. that in terms of energy efficiency; not very significant heat consumption changes are 
present. Because the analyses are based on enthalpy difference and the mass of each 
. component, it is of importance to investigate the effect of material type on the energy 
efficiency of the system. 
As it is visible from Figure 6.3, the belt has the greatest impact on the energy 
consumption within the system. Due to this result, the heat consumption of the belt 
material is investigated for potential component design and optimisation. PEEK and 
aluminium material which are used by COLBOND, are used to simulate the heat 
consumption of the belt component. The results are illustrated in Figure 6.5. 
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Figure 6.5: Heat consumption analysis of the conveyor belt 
The results show the absorbed heat content differences between steel, PEEK and 
aluminium belt. It is obvious that in terms of energy efficiency the steel belt material 
has a negative aspect on the heat consumption. When aluminium is used as the belt 
material, the amount of consumed heat reduces to 1I3rd of the amount absorbed by the 
steel belt. The value decreases even to 1/6th of the amount when PEEK is used. 
The differences are due to the low density materials used in the analysis, which leads 
to lower mass and thus decreasing the total amount of heat required to increase the 
temperature of the materials. According to this result, for energy savings the use of 
low density materials can be of advantage. Analogue, decreasing the mass of the 
drum could lead to further energy efficiency of the system, when just considering the 
material property aspect of the belt. Table 6.1 gives the relative mass values of the 
compared materials. Due to its importance in the thermal bonding process, the belt 
component is thoroughly investigated, which will be discussed in Chapter 8. 
Table 6.1: Relative mass of the belt component used in the simulation 
Mass [kg] 
Steel Belt 2628 
PEEK Belt 448 
Aluminium Belt 916 
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6.1.2.2 Drum Cover Analysis 
The results for the thermo fluid flow through the drum cover are illustrated in Figure 
6.6. The temperature distribution and the associated heat consumption of the drum 
cover is plotted. The initial temperature of the drum cover is considered to be 145°C 
which is experimentally measured. 
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Figure 6.6: Drum cover analysis (a) Temperature distribution; (b) Heat consumption 
Simulated results show the sudden decrease of the drum cover due to the contact of 
the colder nonwoven surface which is supported also by the colder belt surface. After 
approaching the same temperatures as the other layers, an increase in temperature 
starts. This behaviour, due to the same argument is seen in the heat content graph in 
Figure 6.5.Cb). Again the temperature of the drum cover shows close values when 
compared for the three different air inlet temperatures. The values continue to 
increase in an appropriate linear behaviour. 
6.1.2.3 Drum Analysis 
In Figure 6.7 the CFD results of the drum are given. The initial temperature of the 
drum is considered to be as 145°C. The thermal behaviour of the drum is the same as 
for the drum cover. Because the drum is not in direct contact with the cooler regions 
i.e. the nonwoven and the conveyor belt, the sudden temperature decrease is less than 
for the drum cover. 
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This is also due to the higher thennal mass the drum has. After having balanced this 
temperature drop [see Fig.6.1], the increase in temperature starts until the end of the 
heating zone. The heat consumption ofthe drum shows a similar behaviour. 
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Figure 6.7: Drum analysis (a) Temperature distribution; (b) Heat consumption 
6.1.3 Porous Fibrous Web Analysis 
The porous web i.e. the nonwoven is the most important component of the through-
air bonding process, because it is the product that is being investigated. The initial 
web temperature considered in the analysis is 23°e. Figure 6.8 shows the temperature 
distribution and the heat absorption of the nonwoven web. 
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Figure 6.8: Porous fibrous web analysis (a) Temperature distribution; (b) Heat consumption 
- 102-
Results and Discussion 
The results reveal that under this process conditions, the use of an air inlet 
temperature of 225°C results in a maximum nonwoven temperature of 220°C. This 
suggests that a fully molten state does not occur in the nonwoven sheath fibre which 
happens at a nonwoven temperature of 221°C. This would technically affect the 
mechanical behaviour of the nonwoven web, which is undesirable. By applying an air 
temperature of 230°C and 235°C the bonding temperature is reached after 17.8s and 
14.7s respectively. Based on these results and limiting the process optimisation to the 
single parameter i.e. the air inlet temperature, the needed machine adjustment can be 
performed to achieve the desired and sufficient process temperatures in order to 
control the energy consumption and to increase the production. However, the effect is 
limited. 
6.2 2D CFD Model Validation 
The proposed 2D macro model is verified usmg the web surface temperature 
measurement results presented in Section 3.4. Figure 6.9 and Figure 6.10 illustrate the 
numerically computed temperature distribution of the nonwoven fabric over time for 
three different air temperatures together with the experimentally determined values. 
Analyses were performed for an air temperature of 225°C, 230°C and 235°C. A 
nonwoven thickness of 0.909mm corresponding to 200g/m2 is used. The conveyor 
belt speed, in other words the web throughput speed is 5rn/min. the cooling 
temperature is 22°C. 
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Figure 6.9: Temperature distribution of nonwoven fabric & experimental verification 
. (a) 225°C; (b) 225°C analysis with 22°C cooling analysis 
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The computed temperature distributions in Figure 6.9 shows that the nonwoven is 
heated up nonlinearly with an initial sharp rise in temperature. This is due to the 
sudden increase in environmental temperature, as the nonwoven web enters the 
machine from room temperature to an environment of heated air temperature of 
225°C. 
As the nonwoven's temperature approaches the air temperature the curve levels out. 
The inclusion of the cooling process in Figure 6.9 (b) shows the exponential decay for 
which the details were depicted in Chapter 3.4.2. The process illustrates the cooling 
due to forced convection until the material exits the cooling region and leaves the 
machine. After this the material is subjected to natural convection and therefore the 
analyses do not cover this region. The material cools further until it approaches the 
room temperature. Figure 6.10 illustrates the temperature distributions of the web 
calculated for air temperatures of (a) 230°C and (b) 235°C. 
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Figure 6.10: Temperature distribution of nonwoven fabric & experimental verification 
(a) 230°C; (b) 235°C 
The results reveal the same thermal behaviour of the nonwoven fabric with the 
difference that a maximum nonwoven temperature of 225°C and 229°C is predicted, 
using air temperatures of 230°C and 235°C respectively. The numerical analyses 
results show a very good agreement with the experimental data. The CFD model very 
accurately predicts the nonwoven temperature for the given process conditions. 
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6.3 Air Moisture Transport 
Air moisture during the through-air nonwoven production is of considerable practical 
significance, since it affects the final product properties. There is a particular need for 
monitoring the air moisture effect on the process parameters in order to achieve 
consistent product properties under specified machine settings during climate 
changes. The air flowing into the machine is presented as a mixture of dry air and 
water vapour. As energy efficiency is a parameter of interest, attention is also given 
to the air that is heated up from room conditions to the process temperature. For this 
purpose the yearly weather forecast statistics from the Arnhem City weather station 
(ID IGELDERL20) for the year 2006 is considered [Figure 6.11]. 
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Figure 6.11: Weather forecast of Arnhem city for the year 2006 
The highest values for the summer period were measured in July with a temperature 
of 37.SoC, relative humidity of 98 % and an air pressure of 1043 mbar (hPa). In 
winter the lowest values measured were -S.7°C, 16 % and 979.9 mbar (hPa). The 
specific humidity (kg of water vapour in air/ kg of total air) of these two different 
conditions were calculated using classic equations of air psychrometrics and resulted 
in ~ 0.039kg/kg and 0.00038kg/kg respectively. These mass fractions of the water 
vapour are considered in the CFD analyses. The permeability of the nonwoven fabric 
is set to the same values as the flow resistance of the nylon-polyester made fabric is 
not hygroscopic hence a variation due to relative humidity is negligible as it was also 
experimentally shown by Gibson and Charmchi (1997). 
- 10S -
Results and Discussion 
To approximate the effect of the moisture content of the air to the energy 
consumption during heating up, a comparison is performed using thermodynamic 
calculations presenting the enth<ilpy differences occurring due to the climate change 
and the associated specific humidity amount. By convention, the enthalpies of both 
water and dry air are defined to be zero at zero degrees Celsius. 
This approach is not correct in terms of thermodynamics but as the quantity of 
interest is the enthalpy difference, for practical purposes this is assumed as it is 
considered in air psychrometrics. 
To obtain the enthalpy of moist air at any temperature, three quantities are normally 
calculated: the amount of heat needed to be used to vaporise the water, the amount of 
heat needed to warm the water vapour to the required air temperature and the amount 
of heat added to the air. The magnitude of these quantities will provide information 
about the effect of the water vapour. The enthalpy of humid air includes the enthalpy 
of the dry air and the enthalpy of the evaporated water. The enthalpy difference dhA-8 
(kJ/kg) of the humid air heated from the initial condition to the final temperature is 
expressed as: 
dhA-8 = Cpair t8 + X [cpw t8 + hwel - Cpair tA + X [cpw tA + hwel 
with Cpair the specific heat capacity of air (kJ/kg.oC), and cpw, hwe, the specific heat 
capacity of water vapour (kJ/kg.oC) and evaporation heat of water at O°C (kJ/kg) 
respectively. To raise the temperature of the humid air from 37.5.°C to 100°C for 
instance, the amount of energy required gives a result of approximately: 
(1.006 kJ/kgOC) (lOO°C - 37.5°C) + (0.039 kglkg) (1.84 kJ/kgOC) (lOO°C - 37.5°C) 
62.8 kJ/kg for air and -4.5 kJ/kg for the sensible heat due to heating evaporated water 
vapour. Remarkable is the low contribution of the water vapour. Just evaporating of 
the water without raising the temperature above zero would take an energy amount of 
97.53kJ/kg and for the case having a lower specific humidity this value drops to 
0.95kJ/kg. Likewise the energy required to change the phase to steam is calculated for 
the lower amount of specific humidity as 0.85kJ/kg, and for the higher specific. 
humidity ofO.039kglkg as 90AkJ/kg. 
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Calculations showed that raising the temperature from 100° to 225°C, an energy 
amount of 15.6kJlkg was needed. Likewise the amount of energy needed to raise the 
temperature of the air having a lower specific humidity i.e. 0.00038kglkg from lOO°C 
to 225°C this amount was 0.152kJlkg. The amount to raise the temperature of the air 
is 125.75kJlkg. Hence it is clear that the energy required to heat the air together with 
the energy required for phase change plays the major role of the energy consumption 
where as the contribution of the energy consumed to raise the temperature of the 
humid air is very low. 
The energy needed to vaporise the necessary water amount in the air has for the 
higher specific humidity the similar magnitude as the energy needed to heat the air. 
Based on this result it can be concluded that in order to raise the humid air 
temperature to the process temperature, the effect of the water vapour amount 
consumes a very low amount of energy compared to the energy needed for the phase 
change processes taking place during the increase in temperature. 
The CFD analyses performed in this section investigates the effect of the air moisture 
content on the nonwoven temperature distribution. The air is introduced into the 
system as already heated up to 225°C and is a mixture of dry air and water vapour. 
Mixture properties are calculated according to the mathematical modelling section 
explained in Chapter 4. Figure 6.12 illustrates the effect of air moisture on the 
nonwoven fabric temperature. 
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Figure 6.12: Air moisture effect on the fabric temperature 
(a) no moisture; (b) O.039kg/kg specific humidity 
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The simulation shows that by applying the same process conditions a slight 
temperature difference on the bottom region of the nonwoven is observed. To 
investigate the temperature variation resulting at the bottom of the fabric, the drum 
cover and the drum is analysed considering the same analysis conditions. Figure 6.13 
and Figure 6.14 present the results of the calculations. 
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Figure 6.13: Air moisture effect on the drum cover temperature 
(a) no moisture; (b) O.039kg/kg specific humidity 
The results show clearly the temperature difference between the analyses performed 
with dry air and the moisture air. The difference occurs due to the high air 
temperature together with a high relative humidity which increases the moisture 
capacity of the air, hence resulting in higher specific humidity. 
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Figure 6.14: Air moisture effect on the drum temperature 
(b) no moisture; (b) O.039kg/kg specific humidity 
- 108 -
Results and Discussion 
Therefore, once this humid air is in the process, higher temperatures are achieved 
even if this difference is not high. The simulated temperature contour plots of the 
conveyor belt are presented in Figure 6.15. 
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Figure 6.15: Air moisture 'effect on the belt temperature 
(c) no moisture; (b) O.039kg/kg specific humidity 
The illustrated results show that the belt is not affected from the air moisture hence 
reaching a quasi steady state with 224°C. To investigate the effect of the air moisture 
content on the temperature distribution of the nonwoven fabric over time, CFD 
analyses were performed. Results are illustrated in Figure 6.16. 
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Figure 6.16: Moisture effect on the temperature distribution of the fibrous web 
The simulated results are compared with the experimental measurements and the 
result predicted for the dry air assumption. The predictions show that the effect of the 
air moisture content has a negligible effect on the temperature distribution of the 
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nonwoven fabric, supporting the contour plots of the temperature vs. position 
illustrated in Figure 6.12. This suggests that the air moisture content has no influence 
on the temperature distribution of the nonwoven web. The only effect of air moisture 
is that the enthalpy of air rises with increasing water content. 
This is due to the latent heat, which has to be supplied or removed in order to change 
the relative humidity of air, even at a constant temperature. Figure 6.17.(a) illustrating 
the enthalpy rates of the dry and humid air concludes this statement. The difference of 
the curves is due to the enthalpy of the water vapour obtained in the air mixture. The 
enthalpy difference between summer and winter seasons is 554J. 
6.0E+05 
s: 4.0E+05 
>-
Cl. 
ro 
..c 
C 
ill 
, 
" 
.-
.-, 
Humid Air (Summer) 
--- Humid Air (Winter) 
- - - - - Dry Air 
---
---------
OOE+OOO 2 4 ' 6 8 10 12 14 16 18 20 22 24 
Time[s) 
a) 
0.90 
0.80 
..0 
~ 0.70 
60.60 
~ 0.50l 
~ 0.40 ~ 
.~ 0.30 ~ 
ro I 
ID 0.20 Ft. 
0:: \ 
0.10 \ 
\ 
----- Humid Air (Summer) 
--- Humid Air (Winter) 
'-.... 
0.000 2 4 6 8 10 12 14 16 18 20 22 24 
Time[s) 
b) 
Figure 6.17: (a) Enthalpy of dry and humid air on fibrous web; (b) area weighted average 
relative humidity on nonwoven web 
The relative humidity predicted at the nonwoven web is illustrated in Figure 6.17 .(b). 
The value is higher for the summer conditions as expected due to the higher specific 
humidity amount. The immediate drop reaches after 5 seconds a value of 0.009 %. 
For the winter conditions the relative humidity amount is very low since the 
beginning of the analysis which is normal due to the very low amount of specific 
humidity. 
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6.4 3D Continuum Modelling Approach and Comparison with 2D 
In this section effort has been focused on obtaining a 3D continuum model of the 
through-air bonding process. The transient thermo-fluid flow behaviour of the system 
is examined numerically in three dimensional formulation of the problem, and based 
on the comparative analysis with the 2D model and the experimental measurements 
conclusions about how far the two dimensional model corresponds to the three 
dimensional one is targeted. The process parameters used for the CFD analyses are 
the same used for the 2D macro model approach. The details of the modelling 
approach were explained in Chapter 5. 
6.4.1 Temperature Distribution 
The CFD results for the area weighted (2D) and volume averaged (3D) temperature 
distributions of the through-air bonding system are illustrated in Figure 6.18. The 
initial and boundary conditions were given in Table 5.2. 
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Figure 6.18: Temperature field distribution of through-air bonding system 
(a) 2D CFD analysis; (b) 3D CFD analysis 
In all components of the 3D s:ystem it can be observed that the predictions of the 
temperature field distribution are in very good agreement with the 2D modelling 
approach. The simulated results show that there is a difference of less than 1 % of the 
predicted results between the 2D and 3D approach. The details of the predicted 
maximum temperature values for the CFD calculations are given in Table 6.2. 
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Table 6.2: Maximum area weighted and volume averaged 
temperature values of the 2D and 3D CFD analyses 
2D MaXimum Temperature 3D Maximum Temperature 
[0C] [0C] 
Conveyor Belt 223 .8 222.3 
Drum Cover 201 200 
Drum 198 196.7 
Web 220.3 218.3 
In order to examine any temperature variations in the z-direction which is the width 
of the machine, temperature contours are plotted. The results are shown in Figure 
6.19. 
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Figure 6.19: Temperature contour plots of the 3D through-air bonding system 
(a) system layers; (b) contour slices 
The predictions are for the time 22.5s of the system. The machine layers and the 
nonwoven plotted in full scale and in slices in the z-direction show that no 
temperature difference is observed in the direction of the width of the machine within 
each system component. The plots show that variations in temperature occur in the y-
direction (radial direction). Each layer is heated up uniformly in the z-direction 
suggesting that there is no additional information concerning the temperature 
distribution given by the 3D approach that can not be obtained by the 2D approach. 
To observe the temperature variation in the y-direction, Figure 6.20 shows the 
detailed temperature contour plots within the nonwoven fabric simulated using the 3D 
continuum model. The initial temperature of 23 QC of the nonwoven fabric is 
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immediately increased by instant contact with the drum cover and the hot air. After 
this period the increase of the top surface of the nonwoven continues retaining a 
thermal gradient during the whole analysis. The temperature differences between the 
drum cover and the belt affect the temperature distribution of the web as well, 
resulting in a permanent temperature difference within the nonwoven fabric. Finally 
as the nonwoven web is transported out of the heating zone, a significant temperature 
variation across its thickness is visible. 
,.l.. t=8s 
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t=9s t=10s 
-. ~ ..... 
- ........ 
Figure 6.20: Temperature contour plots of nonwoven fabric 
predicted using the 3D continuum model 
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The 3D CFD analysis permits a closer look inside the nonwoven. It can be seen that a 
temperature gradient exists over the thickness of the nonwoven fabric. This is due to 
the different thermal loads subjected from the belt on the top surface and the drum 
cover at the bottom surface of the nonwoven fabric. To get a closer view of this 
aspect, three different points from the top, middle and the bottom of the non woven is 
selected and the temperature distribution is predicted using CFD. Figure 6.21 
illustrates the results. 
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Figure 6.21: Temperature distribution within the nonwoven fabric 
(a) analysis points; (b) temperature distribution of three different points 
The CFD predictions performed over time show the thermal gradient within the 
nonwoven very precisely. The temperature difference between two faces at 22.5 
seconds is approximately 10°e. The gradient is even more at 10 seconds. The drum 
cover side is within the first 3 seconds warmer than the belt side. This is because the 
drum cover has a higher initial temperature (145°C) compared to the belt (30°C). This 
suggests that heat conduction from the drum cover to the web occurs. As the air flow 
proceeds, the temperature of the top side of the web increases and due to forced 
convection achieves higher values than the drum cover side. This result corresponds 
very well with the temperature contour plots predicted for the 2D continuum model. 
In practice the consequences of this thermal gradient is on the mechanical behaviour 
of the nonwoven fabric . Due to different temperatures on both web sides the formed 
bond quality would be different within the web. This would lead to different material 
strength and the associated mechanical properties of the end product. According 
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COLBOND bv., the handling of both sides of the web is different. The belt side is 
rougher suggesting that more heat has been absorbed from this side. A part of 
comparing the limitations of both CFD models, it is important to have a validation 
and reliability of the nwnerical predictions. 
For a satisfactory conclusion the volwne averaged 3D temperature profile of the 
nonwoven fabric is also qualitatively validated using the temperature measurements 
performed for the nonwoven web. The results of the comparisons are shown in Figure 
6.22. The comprehensive comparison of the experimental data, 2D and 3D CFD 
predictions models brought out no discrepancies in temperature distribution despite a 
slight difference. Very good agreement for the temperature distribution of the 
nonwoven fabric over time is achieved. 
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Figure 6.22: Temperature distribution comparison 
between the 2D, 3D CFD predictions and experimental measurement 
Furthermore the difference is attributed to the thermocouples used for the 
measurements. The thermocouples have an error tolerance of 2.2°C, whereas the 
accuracy of the logger is ±3.2°C at 125°C, and ±8.5°C at 375°C ( see Chapter 3). 
Moreover, if the sampling time of 0.5 seconds of the thermocouple is considered, 
simulation data shows clearly that temperature changes may occur below this time 
interval supporting this case. This is especially crucial at the entrance of the machine 
where the nonwoven is heated up. More sensitive thermocouples have been used, but 
were not possible to be attached properly into the nonwoven fabric. 
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6.4.2 Air Velocity Distribution 
The simulations carried out for the solution of the air flow distribution assumed 
constant fluid properties specified for the air at 225°C. Therefore the velocity within 
the nonwoven is constant over time at approximately 0.76 m/so The momentum 
equation introduced in Chapter 4 was solved for the 2D and 3D CFD analyses. The 
results for the 2D and 3D analyses are illustrated in Table 6.3. 
In both of the predictions the air flow results follow the same distribution. The air 
velocity distribution of the drum appears to be the highest, where as the non woven 
fabric achieves the lowest velocity values. This is due to the porosity differences of 
the system components. The drum with the lowest porosity forces the air to flow 
faster between its pores compared to the nonwoven for instance having the highest 
porosity, hence allowing the air to pass through with less resistance and therefore 
lower velocity values are achieved. 
Table 6.3: Area weighted and volume averaged velocity values 
of the 2D and 3D CFD analyses 
2D Maximum Temperature 3D Maximum Temperature 
[0C] [0C] 
Conveyor Belt 1.55 1.55 
Drum Cover 0.96 0.96 
Drwn 2.04 2.08 
Web 0.76 0.76 
As a result, the air flow distribution obtained for the 3D continuum model shows very 
good agreement with the results predicted for the 2D CFD approach. Based on the air 
flow and thermal analyses it clearly appears that the 3D method brings no 
quantitatively improvements to the 2D approach. 
In conclusion both approaches gave similar results. Indeed the 2D continuum model 
appears well suited and sufficient for parametric studies and optimisation of the 
through air bonding system. Furthermore, it is very important to have concluded that 
the 2D continuum model is capable to be used in the analysis of more complex 
aspects of the bonding process. 
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6.5 2D Meso Scale Modelling Approach 
The validation and comparison of the 2D and 3D continuum models enables to 
consider more complex physical phenomena of the bonding process in two-
dimensional formulation. Great computational effort is being saved by using 2D 
modelling instead of 3D. From a more fundamental point of view, it is of interest to 
investigate the phase change and melting process of the nonwoven fabric during the 
bonding process. Details of the mathematical formulation of the problem were given 
in Chapter 4. The approach is based on the results achieved from the CFD analyses 
performed in 2D for the whole bonding process, and considering all 4 machine 
components. 
During these analyses the liquid fraction of the nonwoven layer is flowing through 
the solid matrix. The porosity is not considered as constant but modelled as pseudo 
porous media where the porosity is a function of the representative latent heat content 
of each computational cell. As the latent heat approaches zero the porosity will 
approach zero and the source terms due to Darcy and Forchheimer terms will 
dominate the momentum equation and force the related velocities close to zero. 
And as the latent heat tends to its maximum, porosity is one. The appropriate function 
to operate between these two limits is chosen to be a direct proportionality between 
latent heat and porosity. In order to establish a phase change, the latent heat 
contribution is specified as a function of temperature and is associated with the liquid 
fraction in the mushy zone in the form it was explained in Chapter 4. 
The porosity takes the values, 1 in the liquid phase, 0 in the solid phase, and O<e<l in 
the mushy zone. Figure 6.23 illustrates the contour plots of the liquid fraction with its 
temperature distribution within the nonwoven fabric. The simulation results are taken 
as initial conditions from the macro model performed at 225°C air temperature and 
O.665m1s air velocity. Results are scaled as to enable correct comparison between the 
plots. 
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Figure 6.23: Liquid fraction and temperature contour plots of nonwoven fabric 
for time interval Os-15s 
The predicted results show that the liquid fraction is zero i.e. , completely solid state at 
10 seconds. The temperature is still increasing and a gradient with in the nonwoven is 
visible. The sheath fibre is still in solid state at this time. The phase change process 
between the time intervals of 14.1 to 15s reveal that at 14.1 seconds the sheath fibre 
i.e., the nylon layer of the bi-component fibre is no more in total solid state. Due to 
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the porous matrix irregularities, the occupied volume is simultaneously in the liquid 
and solid phase, that is, the liquid fraction of the sheath fibre y and the porosity rp 
remain between zero and one. Therefore, the latent heat which is defmed as a 
function of temperature is no more zero. This is because the temperature at this period 
is slightly approaching the melting temperature. 
The latent heat is associated with the liquid fraction; hence the liquid fraction is also 
no more zero. Under the given process conditions the introduced essential part of the 
model is developing. The volume simultaneously occupied by the liquid and solid 
should theoretically, be at the fusion temperature i.e. the melting temperature. At this 
temperature the difference between the liquid and solid enthalpies is equal to the 
latent heat of fusion. 
Since the phases are assumed to be in local thermal equilibrium this temperature 
would be expected. However in reality the mean temperature which contains mostly 
(liquid fraction y is close to unity) may be slightly above the fusion temperature, 
although the local temperature at the solidlliquid interface is equal to the melting 
temperature. A similar case applies if the volume is almost completely solid which 
the case is for this time interval, the temperature can be slightly below the fusion-
melting temperature. 
This violates the local thermal equilibrium assumption, but because of the finite 
gradients existing within the nonwoven fabric it is a good approximation. The 
research considers that if the mean temperature is within a small interval 2 f..T , 
around the fusion temperature, the simultaneous existence of solid and liquid within 
the volume may occur. The mean temperature is below the fusion temperature hence 
the liquid fraction is below 0.5. The development of the mushy region for time the 
time interval 15-22.4 is shown in Figure 6.24. 
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Figure 6.24: Liquid fraction and temperature contour plots of nonwoven fabric 
for time intervaI15s-22.4s 
Note that the liquid fraction }" is assumed to be equal to 0.5 for T=T m i.e. in equality 
of the mean temperature and the fusion temperature. This is due to the chosen linear 
relationship between the liquid fraction and the mean temperature. As the imposed 
temperature approaches the fusion temperature, heat is absorbed for the softening 
process. The plots show clearly how the temperature and the liquid fraction is rising 
over time. At time 15s a small liquid fraction is observed where as this value exceeds 
the fusion temperature at time 20s. 
Finally the temperature gradient reduces at time of 22.4s resulting in the highest 
liquid fraction values. To compare the mushy region results thoroughly, the start of 
converting from a solely solid state to liquid-solid mixture, the time the fusion 
temperature is reached with the liquid fraction }, as 0.5, and the end of the heating 
zone is observed on the same scale. The results are illustrated in Figure 6.25 . 
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Figure 6.25: Liquid fraction with contour lines 
and temperature contour plots of nonwoven fabric for time intervaI14.1s-22.4s 
The results illustrate the time evolution of the melting process; the solid lines 
represent the numerical predictions of the contour lines. The mushy region starts at 
14.1 and reaches the 0.5 value which is specified as the melt fraction at the fusion 
temperature at 16.7s of the heating process. The increase in temperature can be seen 
developing in a direction from the top to the bottom of the plot which is the direction 
of the hot air flow. It can be seen that for heating at 14.1s and 16.7s the melting front 
is almost parallel to the hot upper and lower surfaces indicating a diffusion dominated 
melting process. The temperature plots also confirm this as illustrated. It is observed 
that as the temperature gradient within the solid region was at t=14.1s high, the 
melting process was low. 
The melt front exhibits a shape typical for convection dominated melting at 22.4s. 
The interface moves faster and the contour lines are distorted. This is due to the latent 
heat convection source term. The flow direction away from the bottom part increases 
the heat loss and hence extends the mushy region. At the same time the heat from the 
bottom part, retards the growth of the mushy region making the slight bulge in the 
regIOn. 
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6.6 Conclusions 
In this chapter the computational results for the macro and meso scale were 
presented. At the macro scale level, 2D and 3D computational fluid dynamics (CFD) 
results based on the continuum modelling approach were depicted. The results were 
validated using experimental measurements. Based on the comparative analysis it was 
shown that proper conclusions about the correspondence between the 2D, 3D 
approaches and the experimental measurements was obtained. Furthermore, the use 
of a 2D version of the model for parametric studies and optimisation of the through 
air bonding process was concluded to be satisfactory. 
The results of the analyses performed for the current pilot machine at COLBOND 
revealed that the current process conditions led to thermal gradients inside the 
nonw~)Ven showing hotter zones on the top surface i.e. the conveyor belt side. This 
explained the harder surface of the fabric on the belt side observed in practice. The 
heat content analyses showed that the belt consumed the highest heat amount during 
the process. Furthermore, the use of low density materials like PEEK and aluminium 
showed to be decreasing the heat consumption of the belt up to 1/6th of the value it 
consumes when steel is used as belt material. 
The effect of the air moisture content results revealed clearly that higher energy 
consumptions occur due to the amount of air moisture. The higher rates are due to the 
relationship of the enthalpy and the heat transfer rate. The water vapour requires more 
heat than dry air to raise its temperature further. The difference in winter and summer 
conditions showed that the air moisture content has no influence on the temperature 
distribution of the nonwoven web. 
To investigate and optimise the thermal bonding process for higher production rates 
and energy efficiency, the macro model is concluded to be an economIC 
computational tool. The model provides rapid process control and valuable 
information early in the process, which can replace costly experiments and ensure 
product consistency under variable process and climate conditions. The model 
enables to investigate the effects of material properties and process parameters on the 
bonding process. Material properties such as thermal conductivity, thickness, 
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porosity, density and specific heat capacity can be considered. Process parameters 
like air inlet velocity, air temperature, air moisture content, belt speed and bonding 
time can be parametric ally investigated. 
At the me so scale level, the CFD results from the macro model were incorporated as 
boundary conditions. The model showed the capability to investigate the phase 
change during heating of the thermoplastic fibres. The model considers the fibres' 
geometrical information and constitutive equations describing the material behaviour. 
The approach considers the fibre thickness, sheath fraction, and thermo physical 
properties like melting temperature, latent heat of fusion and the liquid fraction 
enabling the assessment of different fibre types, and to determine the properties of the 
fabric. 
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Process Optimisation 
The ability to optimise and improve the thermal bonding process is dependent upon 
the ability to control the process. The ability to control the process is dependent upon 
the right adjustment of the machine settings and the access to reliable and valid 
optimisation data. A successful industrial optimisatlon thus entails a strategic 
approach encompassing the whole process chain of the thermal bonding process. The 
optimisation goal should consist of a cost efficient weighted combination of the 
interesting process outputs (production variations, production cost, product qualities). 
It should be possible to automatically change the optimisation goal as the process 
levels change as well as allocate handling of any process complexity with possibilities 
to successfully carry out the optimisation, whether output from process models can be 
used or not. 
The comprehensive and flexible optimisation opportunities provided by the CFD 
technique comprising the validation of the CFD modelling of the thermal bonding 
process were introduced in Chapter 6. It was shown to be an excellent tool for 
ensuring reliable and valid data early in the process, hence reducing the need for 
additional experimental data for a rapid process optimisation. Having achieved 
validation, a comprehensive parametric CFD study has been used to aid in the 
optimisation of the thermal bonding process and machinery. The proposed 2D 
continuum model based on the porous media concept is used for the analyses. 
This model is used to study the effects of several operating, design, and material 
parameters on thermal bonding performance. Detailed analyses of thermo-fluid flow 
behaviour of the nonwoven fabric under various conditions have been conducted and 
examined. The parametric studies will be a reference for optimising the machine 
settings leading to efficient product development. 
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The analyses were carried out by selecting one basic configuration and varying each 
governing parameter within the range of the physical situations of interest. 
7.1 Effect of Operating Parameters on the Bonding Process 
To achieve efficient bonding conditions the machine parameters are assessed using 
the CFD technique. The desired conditions are higher production rates together with 
optimum product properties. The performance characteristics of the thermal bonding 
system based on a certain parameter can be obtained by varying that parameter while 
keeping all other parameters constant. 
Results obtained from these parametric studies will enable to identify the critical 
parameters for thermal bonding performance. The basic configuration simulates the 
validated model for a 200g/m2 nonwoven fabric with an air inlet velocity of 0.665 rn/s 
and an air temperature of 2250 C. The web was assumed to be made of sheath-core 
type bicomponent fibres of nylon (P A6) sheath and polyester (PET) core with a 
nonwoven thickness of 0.909mm corresponding to 200g/m2• The melting point of the 
nylon sheath was experimentally determined as 221°C. The conveyor belt speed, in 
other words the web throughput speed was Srn/min. Porosities for the nonwoven, belt 
and the drum cover are considered to be as 0.88, 0.43, and 0.70 respectively. 
7.1.1 Effect of the Air Inlet Velocity on the Bonding Process 
To investigate the effect of the air inlet velocity on the temperature distribution of the 
nonwoven fabric, six different air inlet velocities are examined. The simulated results 
are illustrated in Figure 7.1. The predicted results show that by applying different air 
velocities it was possible to increase the nonwoven bonding temperature much more 
rapidly and reduce the bonding time accordingly. By increasing the air inlet velocity, 
the time needed to reach higher nonwoven temperatures was sharply decreased 
[Figure 7.1.(a)]. This would allow a reduction in the dwell time which in turn leads to 
an increase in the throughput speed of the web. Hence the process can be optimised 
for increased productivity. 
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Figure 7.1: Velocity effect on the bonding process: 
(a) fabric temperature distribution; (b) temperature distribution within the fabric. 
To achieve also consistent and qualitative products, it is exceedingly important to 
have a unifonn temperature distribution within the fabric. Temperature gradients will 
result in different amount of bonding points. Figure 7 .1.(b) shows clearly that under 
the applied process conditions, uniform properties on both sides of the product can 
only be achieved by applying an air inlet velocity of higher than 2mfs. Lower air 
velocity values as illustrated will result in temperature variations within the 
nonwoven fabric. 
7.1.2 Effect of the Air Temperature on the Bonding Process 
The effect of process air temperature is another variable that is simulated under 
constant process conditions. Basically the temperature affects directly the final 
temperature of the nonwoven product. Figure 7.2 illustrates the numerically computed 
temperature distribution of the nonwoven fabric over time for three different air 
temperatures together with the temperature distribution within the fabric. Analyses 
were perfonned for an air temperature of 225°C, 230°C and 235°C. The computed 
temperature distributions show that the nonwoven is heated up nonlinearly with an 
initial sharp rise in temperature. 
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Figure 7.2: Air temperature effect on the bonding process: 
(a) fabric temperature distribution; (b) temperature distribution within the fabric 
This is due to the sudden increase in environmental temperature, as the nonwoven 
web enters the machine from room temperature to an environment of heated air 
temperatures of 225°C, 230°C and 235°C respectively [Figure 7.2.(a)]. It is clearly 
seen that despite an increase of 10°C in air temperature, it is not capable to reduce the 
temperature gradient within the nonwoven fabric as it is illustrated in Figure 7.2.(b). 
Furthermore, all three curves follow the same trend. Hence it is clearly seen that the 
effect of velocity on the temperature distribution within the fabric is much more 
dominant in comparison to the effect of air temperature. 
7.2 Numerical Parametric Study using Experimental Design Plan 
To investigate the effect of major parameters on the bonding time an experimental 
design plan (DOE) based on numerical results is set up. The numerical parametric 
study performed in this section, the bonding time of the nonwoven fabric is to be 
studied with respect to its dependence on five factors each set at two levels: 
A: Air inlet velocity 
B: Air temperature 
C: Fabric porosity 
D: Conveyor belt porosity 
E: Drum cover porosity 
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In this context a factor is a numerical variable, and a result is the quantitative 
prediction of the parameter of interest. The bonding time is considered to be the time 
the PA6 sheath of the bi-component fibre reaches its melting temperature i.e. 221 QC. 
The nonwoven fabric is the product of the thermal bonding process; therefore, special 
attention is given to the effect on the temperature distribution, bonding time and the 
temperature gradients within the fabric. To investigate the parameters affecting these 
properties, an assembly of fractional factorial analyses with a half-fraction of a 25 
design with the defining relation 1= ABCDE is implemented . 
. This design is chosen as to be the most appropriate because it has a high resolution 
consistent with the degree of fractionation required. For half-fraction designs this 
generally corresponds to choosing the defining contrast as the highest order 
interaction. The high resolution reduces the influence of aliasing on effect estimation 
and interpretation, particularly in respect of main effects and lower order interactions. 
It also provides for less restrictive assumptions in respect of which interactions 
require to be assumed negligible in the assessment of the associated effect estimates. 
The objective of the simulations is to achieve optimum process conditions in thermal 
bonding processing. To avoid referring to contrast expressions each time, a basic 
design approach can be used for treatment combination assignment in Fractional 
Factorial Designs (FFDs). 
The method is based on using a full 2k-p design in the first k-p factors and adding to 
this design the columns for the additional factors from the combination of the plus 
and minus signs associated with each design generator, for each row of the basic 
design. The design is to be a 25-1 FFD with k=5 with defining relation 1= ABCDE. 
The simulations required to examine the process is sixteen 16 with the -1 exponent 
signifying that the design will be a half-fraction (p=1). The assignment of the 
treatment combinations to the fractions can be carried out using the basic design 
approach. This entails using the full 25-1 = 24 design in the first four factors A, B, C, 
and D, which allows for 16 runs. The design has been written in standard order for 
convenience though, normally, design implementation requires the treatment 
combination order to be randomised. 
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To find the levels of the fifth factor E, the defining relation I = ABeD for the 
additional factor E is solved, i.e. E= ABeD, which is referred to as the design 
generator. The levels of E for each treatment combination will correspond to the 
product of the plus and minus signs of the A, B, e, and D columns [Table 7.1]. The 
outcome to this is displayed in column E, where the response is the bonding time of 
the nonwoven fabric. 
Table 7.1: Fraction and simulation data from 25-1 
two-level Fractional Factorial Design with defining contrast I=ABCDE 
Run A B C D E=ABCD ' , Run A B C D E=ABCD 
1 - - - - + 1 0.665 225 0.80 0.30 0.80 
2 + - - - - 2 2 225 0.80 0.30 0040 
3 - + - - - 3 0.665 235 0.80 0.30 0.40 
4 + + - - + 4 2 235 0.80 0.30 0.80 
5 - - + - - 5 0.665 225 0.92 0.30 0040 
6 + - + - + 6 2 225 0.92 0.30 0.80 
7 - + + - + 7 0.665 235 0.92 0.30 0.80 
8 + + + - - 8 2 235 0.92 0.30 0040 
9 - - - + - 9 0.665 225 0.80 0.80 0.40 
10 + - - + + 10 2 225 0.80 0.80 0.80 
11 - + - + + 11 0.665 235 0.80 0.80 0.80 
12 + + - + - 12 2 235 0.80 0.80 0.40 
13 - - + + + 13 0.665 225 0.92 0.80 0.80 
14 + - + + - 14 2 225 0.92 0.80 0.40 
15 - + + + - 15 0.665 235 0.92 0.80 0.40 
16 + + + + + 16 2 235 0.92 0.80 0.80 
This set up offers the promise of the shortest time in producing and testing the process 
rapidly. The values of low and high level for each parameter used are shown in Table 
7.2. 
Table 7.2: Low and high values of each parameter used for CFD analyses 
Parameter Low (-) High (+) 
Air velocity (m/s) 0.665 2 
Air temperature (CC) 225 235 
Fabric porosity 0.80 0.92 
Conveyor belt porosity 0.30 0.80 
Drum cover porosity 0.40 0.80 
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Considering the air inlet velocity as the major parameter effecting the bonding time 
(based on the effect analysis in Figure 7.1), the choice of the high and low values of 
the air velocity becomes important. 0.665m/s is chosen as the lower value which is 
the average air velocity measured on the machine, and 2m/s for the high value. The 
temperature values and the porosity ranges are suggested by Colbond. 
7.2.1 Parameters that Influence the Respond Variables 
The 25-1 design for the bonding time study is an illustration of a resolution V design as 
the contrast within the defining relation I =ABCDE is of length 5, i.e. a 2 5-1 FFD. 
Designs of this type have no main effect aliased with any other main effect, two factor 
interaction, or three factor interactions. This type of design allows for unique 
estimation of all main effects and two factor interactions, provided that all higher 
order interactions can be assumed negligible (Gardiner and Gettinby 1998). 
The analysis procedures associated with FFDs were conducted as exploratory (effect 
estimates, effect plots). The CFD predictions are presented in Table 7.3. A graphical 
presentation for comparison purposes is extremely difficult; therefore, the effect 
analyses are performed using directly Statistical Process Control (SPC). 
CFDRun 
Bonding Time [sI 
1 
Table 7.3: Numerical parametric study results 
for the bonding time 
2 3 4 5 6 7 8 9 10 11 
26.4 7.2 18.1 4.8 25.9 6.8 15.8 4,9 19 2.1 5.7 
7.2.2 Exploratory Data Analysis (EDA) 
12 13 14 15 16 
1.5 10.3 2.2 5.2 1.4 
EDA was considered to gain an initial insight into the effect the factors have on the 
response. The run order plot suggested acceptably random responses. A definite 
reduction in bonding time was obvious with higher values of air velocity and belt 
porosity occurring at its high level. For a thorough investigation, an effect estimate 
analysis is performed. 
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7.2.3 Effect Estimate Analysis 
The next step in the data analysis concerned the effect estimation and assessment. 
When carrying out this assessment, the associated alias structure must be taken into 
account. Using appropriate contrasts for the FFD used, it was possible to generate the 
effect estimates for the main effects, and two factor interactions. As it is generally 
advisable, to evaluate the effects of the parameters it is referred to the SPC tool Pareto 
chart. The effect estimates being provided in the results were specified as 
Effect estimate= (Effect contrast)12 k-p-l where p defines the level offractionation. 
Figure 7.3 displays the Pareto chart where the values in the y axis are drawn as bars in 
descending order. Each bar is labelled with the associated value in the effect names. 
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Figure 7.3: Numerical Parametric Study for 
defining parameters effecting the bonding time 
The graphic represents the parameters affecting the bonding time. According to the 
results demonstrated, the important effects are clearly seen. It should be noticed that 
the Pareto chart does not consider the minus signs, therefore in the analysis of the 
bonding time the value of the effect refers to decreased bonding time. 
The parameter names F, G and H refer to the two-interactions of AB, AD and BD 
respectively. Thus it is clear that A, D, B, F and G have a great effect on the bonding 
time where as C, E and H i.e. the porosities of the nonwoven web, the drum cover and 
the interaction of air temperature and belt porosity have less influence. 
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The interaction effects F and G are aliased. These can be shown by looking at the 
effect estimates of the contributing main effects presented. Considering the 
interaction AB (F), Effect B is low signifying an important effect and effect A 
appearing as more important, so it could be argued that the associated interaction is 
due to the effect of A, and just underpinning its associated effect estimate. Another 
approach can be stated that in effect AD (G) both main effects appear important so it 
is highly likely that the associated interaction will also be important. 
Hence the numerical parametric study results for higher production rates i.e. reduced 
bonding time suggests the use of increased air velocity, or as an alternative a 
conveyor belt with higher porosity rates. The increase in air temperature has also an 
effect on decreasing the bonding time, whereas the analyses in Figure 7.2 showed 
clearly that temperature differences will occur within the nonwoven by just increasing 
the air temperature. 
For an optimisation of the production rate combined with the energy efficiency the 
total energy per unit mass of air considering both the kinetic and internal energy has 
to be considered besides the production rate, therefore a desired optimisation 
comprises the consideration of both aspects. 
7.3 Process Optimisation of the Pilot Machine 
The parametric study performed in section 7.1 demonstrated the power of the CFD 
technique combined with SPC in performing rapid process optimisation numerically 
by avoiding the need for experimental data. The computational analyses are 
performed in the DOE order as it was illustrated in Table 7.1. The aim is to propose 
the optimum configuration of the examined parameters to optimise the current 
through air bonding process performed on the pilot machine. Table 7.4 illustrates the 
detailed predicted results for the bonding time and total energy absorbed by the web. 
The data set for the total energy is the amount of energy per unit mass. The energy is 
due to the thermo-fluid flow of the air and includes the internal energy and the energy 
due to the kinetics of the flow. 
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Table 7.4: Detailed data set for bonding time 
and %increase in total energy 
CFD Bonding Total Increase in 
Run Time Energy total web 
(s) (J) energy 
absorption 
(%) 
1 22.1 12012 0.00 
2 26.4 11654 -2.98 
3 7.2 12539 4.38 
4 18.1 12753 6.10 
5 4.8 14027 16.77 
6 25.9 11710 -2.50 
7 6.8 12542 4.40 
8 15.8 13237 10.19 
9 4.9 14025 16.75 
10 19 12121 0.90 
11 2.1 12542 4.40 
12 5.7 13708 14.11 
13 1.5 14027 16.77 
14 10.3 12382 3.08 
15 2.2 12541 4.40 
16 5.2 13717 14.19 
17 1.4 14028 16.78 
Process Optimisation 
The %increase in total energy absorption of the web is the increase in energy of the 
CFD results 2-17 compared with the baseline configuration designated as CFD Run 
number 1. The baseline CFD analysis for the total energy is 12012 J, whereas the time 
the area weighted average temperature of the web reaches 221 0 is predicted to be 
22.1s. The % increase in total energy is considering this value as comparison. To 
determine optimum production rates and energy efficiency a plot of two data sets and 
using both left and right side y-axes is created. 
The results are plotted in Figure 7.4 showing the two data sets and using both left and 
right side y-axes. The bonding time of the nonwoven web is considered to be one 
parameter displayed on the left of the graphic where as the % increase in total web 
energy absorption (based on the base line simulation result) is plotted on the right 
scale of the y axis. 
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The same range is used in the dependent variable i.e. the number of the CFD analyses 
starting with the baseline prediction designated as run number 1 and ending with the 
experimental design analysis results shown with run numbers 2-17. 
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Figure 7.4: Optimum process for higher production rates and energy efficiency 
The results illustrate that the lowest bonding time is achieved for the configurations 
number 13 and 17. However when the energy absorptions are considered it is seen 
due to the higher temperatures applied, the % energy increase is not showing low 
values compared to the remaining configurations. The configurations 11 and 15 
appear to be very good alternatives especially when the energy efficiency is 
considered. These configurations show a slightly higher bonding time (of 
approximately half a second), than the configurations 13 and 17, whereas the % 
increase in energy absorption is 12% less than the configurations 13 and 17. 
Comparing configuration 11 and 15 results in the same conclusion achieved. 
The drum cover effect is negligible compared to the belt porosity, hence a 
configuration change of the drum cover is not needed under the performed conditions 
because the predicted results are very close to each other, thus configuration 11 with 
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the higher value drum cover porosity can be chosen. Configuration 2 and 6 show the 
most efficient energy absorption rates compared to all configurations, however those 
do not reach 221 QC within the 22.4s time interval which is the time the web is 
subjected to heat in the pilot machine, hence are not considered to be useful 
configurations in order to optimise the pilot machine. Figure 7.5 shows the 
comparison of the temperature distributions for the nonwoven depicting the current 
process conditions obtained using the basis line CFD model and the proposed 
optimised configurations. 
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Figure 7.5: Comparison of current process and optimised process conditions 
(a) fabric temperature distribution; (b) temperature distribution within the fabric 
Results show a significant improvement of the bonding time when the proposed 
optimised configurations are used. Higher temperature values are achieved faster as 
expected due to the higher air velocity rates. The air velocity has a direct effect on the 
heat transfer coefficient; hence increasing the heat transfer rates. Temperature 
distributions are very similar for the cases 11 and 15 due to reaching very fast steady 
state. 
Another important improvement achieved is together with the optimised parameters 
the expected optimised product quality which is associated with the temperature 
distribution within the nonwoven structure [Figure 7.5.(b)]. The radial direction 
shows the temperature distribution starting from the belt side of the web to the drum 
cover side. It is clearly seen that the temperature gradient within the nonwoven is 
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eliminated; hence a unifonn temperature distribution is enabled. Figure 7.7.(a) 
illustrates the total energy absorbed by the nonwoven web. 
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Figure 7.6: Comparison of current process and optimised process conditions 
(a) total energy absorption; (b) velocity distribution 
The energy distributions show clearly the same trend as the temperature distribution. 
The prediction of the energy involves the rate of enthalpy and the kinetic energy 
leaving or entering the analysed system. Therefore, it is related to the specific 
enthalpy which -is a function of the temperature. This is why those graphics have the 
similar behaviour. Figure 7.6.(b) shows the velocity distribution of the air within the 
web. The nonlinear behaviour of the velocity profile is due to the density variations. 
The density of the air is a function of the process temperature and the mixture content 
of the air. 
As the air is treated as a mixture of dry air and water vapour, the density is changing 
during the heating process. It is decreasing as the temperature increases hence causing 
also a change in pressure hence resulting in a nonlinear behaviour of the velocity. The 
differences of the velocity distributions between Case 11 and Case 15 are due to the 
porosity differences. Both cases 11 and 15 have the same belt porosity, thus the air 
velocity flowing through and out of the belt is the same and showing a value of 
2.5m/s. As the air enters the fabric in Case 11 it flows through an environment having 
the same porosity i.e. 0.80, thus retaining the same velocity value. 
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However in Case 15, the airflow enters a domain with an increased porosity of 0.92. 
According to the conservation of mass the increased flow area yields to a decrease in 
air velocity because the mass flow rate is constant. 
Figure 7.7.(a) depicts the density distribution. The exponential behaviour shows the 
decrease in density over time which is due to the temperature increase and can be 
attributed to the equation of state. As the temperature is reaching the environment 
temperature the decay is no more sharp but approaching a steady state. 
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Figure 7.7: Comparison of current process and optimised process conditions 
(a) air density distribution; (b) relative humidity on web 
Due to the temperature change again an exponential decay is observed for the relative 
humidity on the web that is also a function of temperature [Figure 7.7.(b)]. The 
optimised process reduces the time both for decreasing the density and relative 
humidity on the web. 
7.4 Material Optimisation of the Machine Components 
In this section a parametric study to investigate the effect of the belt and drum cover 
material type on the thermo fusion bonding process is presented. The materials 
selected for the conveyor belt and the drum cover are matched combinations of steel, 
PEEK and aluminium, which are illustrated in Table 7.5. The combination St-St 
presented as CFD Run 1 is the baseline configuration used for comparison purposes, 
and it is the current material combination used in the pilot machine. 
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Table 7.5: Material combinations used for the CFD analyses 
CFD Material 
Run BeltIDrum cover 
1 St-St 
2 AL-AL 
3 AL-PEEK 
4 AL-St 
5 PEEK-AL 
6 PEEK-PEEK 
7 PEEK-St 
8 St-AL 
9 St-PEEK 
CFD analyses were perfonned and the results for optimising the production rates, 
product quality and energy efficiency are depicted. Process conditions are kept the 
same as used for the base line simulations i.e. an air temperature of 225°C and an air 
inlet velocity of O.665m/s. 
7.4.1 Aluminium Belt-Aluminium Drum Cover 
The analyses presented for this section cover the comparison of the base line CFD 
analyses for the current process considering the belt and drum cover material as steel, 
and the CFD predictions perfonned for the optimised configuration of the belt and 
drum cover made of aluminium. Figure 7.8 illustrates the results 
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Figure 7.8: Comparison of current process and optimised process conditions 
(a) fabric temperature distribution; (b) temperature distribution within the fabric 
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The results for the temperature distribution show that it is possible to reduce the 
bonding time of the nonwoven fabric. However the temperature differences within the 
fabric show that web mechanical properties will not be improved under the applied 
process conditions despite having changed the material type of the machine 
component materials. 
The improvement of the temperature distribution over time is due to the material 
change. The increase in thermal conductivity and specific heat capacity of the used 
materials compared to steel led to higher energy absorption and increased heat 
transfer rates. 
7.4.2 Aluminium Belt-PEEK Drum Cover 
The simulations consider the belt material as being made of aluminium, and the drum 
cover made of PEEK. The simulation results for the thermal behaviour of the 
nonwoven fabric are illustrated in Figure 7.9. 
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Figure 7.9: Comparison of current process and optimised process conditions 
(a) fabric temperature distribution; (b) temperature distribution within the fabric 
The results show a similar behaviour as for the previous optimising process. An 
improvement of the bonding time was achieved by reaching higher nonwoven 
temperatures early in the process. A product optimisation was also achieved due to 
the removed temperature gradient within the nonwoven fabric. The temperature is 
uniform across the fabric; hence better mechanical properties would be enabled. 
- 139-
Process Optimisation 
7.4.3 Aluminium Belt-Steel Drum Cover 
The following CFD results present the thermal behaviour of the nonwoven fabric 
which was performed considering the belt as made of aluminium and the drum cover 
material made of steel. Figure 7.10 illustrates the temperature distribution of the 
fabric over time and thermal gradient within the nonwoven fabric. 
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Figure 7.10: Comparison of current process and optimised process conditions 
(a) fabric temperature distribution; (b) temperature distribution within the fabric 
The predicted results show that despite some improvement in the process, an 
improvement in product quality could not be achieved due to the thermal gradient 
retaining in both cases. 
7.4.4 PEEK Belt-Aluminium Drum Cover 
Figure 7.11 shows the CFD analyses for the PEEK belt-aluminium drum cover 
configuration. The temperature distribution of the nonwoven fabric is presented. 
Results show that the bonding time was reduced more by showing a sharper rise in 
the temperature distribution and achieving higher bonding temperatures, whereas the 
temperature gradient within the nonwoven retains. This suggests that the product 
properties would remain without being optimised. 
- 140-
240 
220 
200 
, ... __ ---:-::-:-z-.r-r 
~ ..... 
I ' 
180 I " ~ I' ~160 I ' 
I ' ~ 140 ,,' 
"§ 120 " 
Q) " Co 100 " ~ 80: 
60~ 
40 
----- Case5 
----- Case1 
20 
00 2 4 6 8 10 12 14 16 1820 22 24 
Time[s] 
a) 
Process Optimisation 
230 Belt Drum cover 
225----__ _ 
------: ......... , 
...... ,,', 
~ 220 
~ 
:::l 
iii 215 
ID 
Co 
E ~ 210 
205 
... " 
... , 
... " 
... " 
'\ " 
, " 
'\ " , 
----- Case5 
----- Case1 
'\ , 
2000 0.0002 0.0004 0.0006 0.0008 0.001 
Radial Distance [m] 
b) 
Figure 7.11: Comparison of current process and optimised process conditions 
(a) fabric temperature distribution; (b) temperature distribution within the fabric 
7.4.5 PEEK Belt-PEEK Drum Cover 
The CFD results predicted for the PEEK belt-PEEK drum cover configuration are 
presented in Figure 7.12. Results reveal that a significant improvement of production 
rates can be achieved due to the reduced bonding time. Furthermore with the 
proposed machine component configuration an improvement of the product properties 
could be obtained due to the improvement of the thermal gradients within the 
nonwoven fabric. It is noticeable that an improvement in the process is predicted for 
configurations using PEEK as drum cover material, which should be reflected in the 
product properties. 
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Figure 7.12: Comparison of current process and optimised process conditions 
(a) fabric temperature distribution; (b) temperature distribution within the fabric 
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7.4.6 PEEK Belt-Steel Drum Cover 
Figure 7.13 shows the simulated results for the PEEK belt-steel drum cover 
configuration. Results reveal that increased production rates is enabled using this 
configuration however it is seen that using the steel configuration for the drum cover 
retains the thermal gradient within the nonwoven fabric suggesting that an 
improvement in product quality can not be achieved with this type of configuration by 
keeping remaining process conditions constant and only optimising the machine 
component material type. 
240 
220 
200 
180 
",. __ -----=::::-rlr 
, ..... 
I ' 
I " 
9 160 I ' I ' 
I ' ~ 140 I,' 
"§ 120 I, 
Q) I, 
Co 100 I, 
~ 80 ,t 
I- 60~ 
40 
20 
----- Case7 
----- Case1 
00 2 4 6 8 10 12 14 16 18 20 22 24 
Time[s] 
a) 
230 Belt 
9 220 
~. 
:::l 
ro 215 
CD 
Co 
~ 210 
I-
205 
Drum cover 
----- Case7 
----- Case1 
2000 0.0002 0.0004 0.0006 0.0008 0.001 
Radial Distance [m] 
b) 
Figure 7.13: Comparison of current process and optimised process conditions 
(a) fabric temperature distribution; (b) temperature distribution within the fabric 
7.4.7 Steel Belt-Aluminium Drum Cover 
Figure 7.14 shows the results of the CFD analyses for the steel belt-aluminium drum 
cover configuration. It is seen that the temperature distribution for the nonwoven 
shows a similar distribution, however a slight increase in the thermal gradient within 
the nonwoven is present. This suggests that the use of aluminium as drum cover 
material does not improve the process conditions. The product quality should be 
similar to that of the baseline process (Case 1) considering the thermal behaviour of 
the nonwoven fabric. 
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Figure 7.14: Comparison of current process and optimised process conditions 
(a) fabric temperature distribution; (b) temperature distribution within the fabric 
7.4.8 Steel Belt-PEEK Drum Cover 
Figure 7.15 gives the results for the Steel belt-PEEK drum cover configuration 
240 
220 .",. __ -:,-:'-:-:'-:-::'-:-
~ ... '" 200 "-'" 
180 ~~~' 
~ 160 ,l 
~ 140 I 
~ 120 l 
[100 I 
E 80 11 ~ 60~ 
40 
20 
----- Case9 
----- Case1 
00 2 4 6 8 10 12 14 16 1820 22 24 
Time [s] 
a) 
230 Belt Drum cover 
225 _ ...... _____________ • 
--, ---
~ 220 
~ 
::I 
ro 215 
L-
Q) 
a. 
E ~ 210 
205 
..... 
..... 
" 
" 
" 
" , 
\ 
\ 
\ 
----- Case9 
----- Case1 
, 
, 
, 
2000 0.0002 0.0004 0.0006 0.0008 0.001 
Radial Distance...::.....:[m..:..:.<..] ______ --' 
b) 
Figure 7.15: Comparison of current process and optimised process conditions 
(a) fabric temperature distribution; (b) temperature distribution within the fabric 
The predicted results show a slight improvement of the temperature distribution but a 
considerable improvement in the web temperature uniformity. 
In general when comparing the materials used for the processes, it is noticeable that in 
all cases where PEEK is used as drum cover material an improvement of the thermal 
gradient within the nonwoven fabric is achieved. 
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The use of aluminium for the drum cover does not make any significant improvement. 
This is very clearly demonstrated for the case where only a material change in the 
drum cover was attended using aluminium [Figure 7.14]. The temperature distribution 
shows very similar behaviour to the base line results (Case 1), whereas even a slight 
thermal gradient within the nonwoven was observed. 
Another important outcome of the investigation is the improvement of the bonding 
time of the nonwoven fabric when both aluminium and PEEK are used as the belt 
material. This improvement is much higher for PEEK compared to the aluminium. 
This is attributed to the higher specific heat capacity of the PEEK material compared 
to steel and aluminium. In order to raise the temperature of a material, energy has to 
be supplied to it. 
The addition of a given amount of energy does not always result in the same rise in 
temperature. The temperature of the material depends not only on the amount of 
. energy supplied to it, but also on its size and nature. In order to compare the ability of 
the used different materials to absorb energy, the specific heat capacity is an 
important parameter. From its definition i.e., the amount of heat required to change 
the temperature of 1 kg of a substance by 1 K it is obvious that the drum cover with 
higher specific heat capacity (PEEK) gains more heat, thus achieves higher 
temperatures. 
This increases the temperature of the drum cover side of the nonwoven, hence 
reducing the thermal gradient within the web. T~ investigate the affect ofthe material 
optimisation on the production rates and energy efficiency the optimum point of the 
analyses are determined. For this purpose the bonding time and the % increase in total 
energy of the nonwoven web compared to the baseline simulation are investigated. 
The detailed CFD results of the analyses are listed in Table 7.6. CFD Run 1 presents 
the baseline simulation. 
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Table 7.6: Numerical parametric study results for the process and product optimisation using 
different material types for machine components 
CFD Material Bonding Total Increase Web 
Run BeltlDrum cover Time Energy in total Temp. 
(s) (J) web Gradient 
energy [0C] 
(%) 
1 St-St 22.1 12012 0 16.27 
2 AL-AL 18.9 12156 1.198 14.62 
3 AL-PEEK 11.4 12565 4.603 0.01 
4 AL-St 17.8 12204 1.598 12.99 
5 PEEK-AL 15.6 12252 1.998 11.77 
6 PEEK-PEEK 5.2 12579 4.72 0.07 
7 PEEK-St 14 12289 2.306 10.53 
8 St-AL 22.7 11943 -0.574 16.21 
9 St-PEEK 16.1 12453 3.671 0.02 
The results are plotted in a ranked order according to the bonding time to determine 
the optimum configuration among the examined parameters as illustrated in Figure 
7.16. Due to the low differences of the % increase in energy, attention is given to the 
production rate that is associated with the bonding time. The lowest bonding time 
which enables the highest production rates is achieved at run number six. This refers 
to the CFD configuration PEEK is used for both belt and drum cover as material. 
In general from the analyses it can be concluded that the use of PEEK as drum cover 
enables a significant improvement of the thermal gradient which is present within the 
nonwoven fabric whereas the use of Aluminium does not give any significant 
improvement. 
It is noticeable that the use of PEEK as belt material leads to a significant reduction in 
bonding time where as the impact of improvement is low when Aluminium is chosen. 
It is important to acknowledge that the decision is upon whether the production rate 
and quality is more important, or the energy efficiency has a higher impact for the 
producer. 
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Figure 7.16: Optimisation of the bonding process for higher production rates 
using different machine component material 
7.5 Effect of Fibre and Web Properties on the Bonding Process 
In order to investigate the influence of the fibre properties on the bonding process and 
in particular the melting process, the 2D me so scale model is used. The CFD analyses 
are performed considering the baseline belt and drum cover configurations i.e. St-St. 
For the analyses, bi-component fibres that have two different polymer phases in their 
cross-section are considered. The sheath-core fibres are investigated in terms of fibre 
diameter, sheath fraction and the porosity of the fabric. 
7.5.1 Fibre Diameter 
The fibre diameters used III this study are 31.71~m; 31.30~m and 15.15~m 
respectively. The first two fibre diameters are used in Colback® production, and the 
last one is used by KoSA (Hossain et al. 2005a). The analyses performed for the me so 
scale model in Chapter 6 comprise the analyses of the bi-component fibre with a 
diameter of 31. 71 ~m. According to these results it is apparent that the fibre reached 
the melting fraction 0.5 i.e. the melting temperature of 221 QC after approximately 17 
seconds. Considering this as a comparison starting point, the simulation results at this 
time step were examined in more detail. Radial profiles of the temperature and melt 
fraction for the nonwoven web with porosity of 0.88 are compared. Figure 7.17 gives 
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the simulation results of temperature distribution inside the nonwoven web and the 
corresponding distribution of melt fractions of the fibres. 
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Figure 7.17: Web radial profile at time t=17s as a function of fibre diameter 
(a) temperature profile; (b) melt fraction 
The results show that the effect of the fibre diameter has no influence on the 
temperature profile as well as on the melt fraction of the used bi-component fibres. It 
should be noted that the sheath fraction in all three cases is kept constant as 0.273. 
7.5.2 Fibre Sheath Fraction 
The sheath fraction of bi-component fibres is defined as the ratio of the sheath fibre 
cross-sectional area to the total fibre area. To investigate the effect of the sheath 
fraction, two different values are considered. 0.273 and 0.4861 respectively. These 
values correspond to real products used by COLBOND and KoSA fibres respectively. 
CFD analyses are performed and the predicted results are presented in Figure 7.18. 
The results show that the temperature profiles for the given boundary conditions is as 
expected the same, whereas the fibre with the higher sheath fraction causes a decrease 
in melt fraction. This is due to the higher amount of mass which needs to absorb more 
energy to result in the same amount of melt fraction. Though this difference is not a 
significant amount it will have an effect of the number of bonding points formed 
between the fibres. This on the other hand would result in different mechanical 
properties of the product. The increased amount of sheath might lead to a deeper level 
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of bond though the fraction is slightly lower, but because of the reduced amount of 
the core fraction, the mechanical properties would be more affected than the 
difference of this melt fraction. 
225 
220 
U 
L 
Q) 215 
'-
.a 
~ Q) 
~ 210 
Q) 
I-
205 
2000 
Drum cover Belt 0.54 
0.53 " 
" 
" 0.52 
, 
I:: 
" 
0 , 
----- 0.273 n , 
----- 0.273 ~ 0.51 , 
• 0.4861 u. , • 0.4861 
-
, 
Qi 0.5 , ~ I. , , 
0.49 , 
, 
" 
0.0002 0.0004 0.0006 0.0008 0.001 0 0.0002 0.0004 0.0006 0.0008 0.001 
Radial Distance [m] Radial Distance [m] 
a) b) 
Figure 7.18: Web radial profile at time t=17s as a function of sheath fraction 
(a) temperature profile; (b) melt fraction 
7.5.3 Web Porosity 
The porosity of the web is another parameter investigated using the CFD technique 
and the proposed me so scale model. The radial profiles of temperature and melt 
fraction for the porosity of 0.9, 0.88, 0.80 and 0.70 are compared in Figure 7.19. 
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Figure 7.19: Web radial profile at time t=17 s as a function of web porosity 
(a) temperature profile; (b) melt fraction 
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The temperature gradient illustrated in Figure 7.19 (a) shows that higher temperatures 
are achieved at higher porosities. The temperature values are higher for higher 
porosities due to the higher free path of air flowing through the fabric, as well as the 
lower amount of mass to be heated. 
This corresponds well with the melt fraction data illustrated in Figure 7.19 (b). As it is 
clearly seen the melt fraction is higher when the porosity is higher. Hence the thermal 
gradient differences occur due to the combined convection and latent heat of fusion 
effect which stores heat to melt the fibres, thus lower temperatures are reached for 
higher porosity values within the nonwoven in comparison to the nonwovens having a 
lower porosity. These results correspond to the analyses performed by Hossain et al. 
(2005a) very well. From the performed parametric study, it is clearly seen that the 
web porosity has the most significant effect on the melting process among the 
considered parameters. 
7.6 Conclusions 
In this Chapter, the flexible optimisation opportunities provided by the CFD 
technique were used to perform a comprehensive parametric CFD study to aid in the 
optimisation of the thermal bonding process performed on the pilot machine at 
COLBOND. The proposed 2D continuum model based on the porous media concept 
was used to study the effects of several operating, design, and material parameters on 
thermal bonding performance. Detailed analyses of thermo-fluid flow behaviour of 
the nonwoven fabric under various conditions were conducted. An experimental 
design plan (DOE) based on numerical results was set up. 
In the first numerical parametric study performed in this section, the bonding time of 
the nonwoven fabric and the web energy absorption rate were studied with respect to 
their dependence on five factors each set at two levels: Air inlet velocity, air 
temperature, fabric porosity, conveyor belt porosity, and drum cover porosity. Results 
revealed that the air velocity has the greatest effect on the bonding time, thus for 
higher production rates the increase in air inlet velocity would be of advantage. This 
indicates a higher conveyor belt speed capability. As an alternative the use of a 
conveyor belt with higher porosity rates would lead to higher production rates. 
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This could be achieved with just a slight increase in the total energy absorption by the 
nonwoven. Thermal gradients within the nonwoven could be improved which would 
lead to a better product design. The energy consumption is not the sole issue and even 
not the central one. Instead, obtaining elevated rates of performance are often more 
important. 
Another important outcome of the study was the negligible influence of the drum 
cover porosity on the bonding time. The effect analysis supports this issue by 
presenting the drum cover porosity as not being a parameter significantly effecting the 
bonding time. The predicted results showed that the belt porosity has a significant 
effect on the bonding time compared to the drum cover porosity. But as seen from the 
results of the detailed data of the parametric study and also of the effect analysis, the 
air inlet velocity has the highest impact on the bonding time. This is attributed to the 
heat transfer coefficient, which is directly proportional to the velocity. 
A parametric study to investigate the effect of the belt and drum cover material type 
on the thermal bonding process was presented. The materials selected for the 
conveyor belt and the drum· cover were matched combinations of steel, PEEK and 
aluminium. Those are potential materials used on the pilot machine at COLBOND. 
Considering no additional change in process conditions or configuration, in general 
from the analyses it could be concluded that the use of PEEK as drum cover material 
enables a significant improvement of the thermal gradient which is present within the 
nonwoven fabric, whereas the use of aluminium does not give any significant 
improvement. 
This was attributed to the higher specific heat capacity of the PEEK material 
compared to steel and aluminium. From the definition of the specific heat capacity it 
is obvious that the drum cover with higher specific heat capacity (PEEK) gains more 
heat, thus achieves higher temperatures. This increases the temperature of the drum 
cover side of the nonwoven, hence reducing the thermal gradient within the web and 
the bonding time of the nonwoven in general. The impact of improvement was low 
when aluminium was chosen. 
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To investigate the influence of the fibre properties on the bonding process and in 
particular the melting process, a computational process optimisation was performed 
using the 2D meso scale model. For the analyses bi-component fibres that have two 
different polymer phases in their cross-section were considered. The sheath-core 
fibres were investigated.in terms of fibre diameter, sheath fraction and the porosity of 
the fabric. 
The results showed that the effect of fibre diameter had no influence both on the 
temperature profile and on the melt fraction of the used bi-component fibres. 
Furthermore, the results depicted that the temperature profiles were the same for the 
given boundary conditions, whereas an increase in sheath fraction caused a decrease 
in melt fraction. This is due to the higher amount of mass which needs to absorb more 
energy to result in the same amount of melt fraction. 
The predicted results for the porosity effect showed clearly that the web porosity has 
the most significant effect on the melting process among the considered parameters. 
The web temperature values are higher for higher porosities due to the higher free 
path of air flowing through the fabric, as well as the lower amount of mass to be 
heated. 
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Machine Component Design Optimisation 
The previous chapters introduced the porous media concept and its application to 
predict the thermo-fluid flow behaviour of the through air bonding process. The 
process control and attempt to optimise the current through-air bonding process 
showed the importance of the conveyer belt. A thorough understanding of the 
conveyer belt requires a discrete modelling of its geometry to exploit its geometrical 
exact affect on the nonwoven's thermo-fluid flow behaviour. 
. The effect analysis in Chapter 7 showed that the drum cover porosity had no 
significant effect on the bonding time of the nonwoven web, and because the focus is 
on the geometric parameters of the belt and their effect on the nonwoven's thermo-
fluid flow behaviour, the drum cover and the drum is neglected hence not modelled. 
This provides also that the CFD analyses remain in the frame of the allocated 
computational memory. The nonwoven web is modelled as porous continuum media. 
8.1 Idealisation of the Conveyer Belt Structure 
To perform the CFD analyses of the conveyer belt, the solid structure has been 
generated for a thorough understanding of the architecture and its effect on the 
nonwoven's thermo-fluid flow behaviour. The conveyer belt has a very complex 
woven structure. 
The solid model will not only provide an understanding of the influence of geometry, 
but will give an insight into interpreting the results for showing the limits of a 2D 
design compared to a 3D analysis. 
The woven structure is characterized by the orthogonal interlacing of two sets of 
metal threads running perpendicular to the direction of the other. Each thread being 
undulated when it passes over or under another thread. So it is said to be being 
crimped. This issue makes it difficult to model the threads rather than assuming 
straight cylinders. The model generated to represent the conveyer belt structure is 
shown in Figure 8.1. 
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Figure 8.1: Modelled belt section in 3D 
8.2 Hybrid Modelling using Conjugate Heat Transfer Analysis 
A hybrid model approach composing of discrete and continuum phases is represented 
in an attempt to predict the thermo-fluid flow behaviour of the conveyer belt under 
different geometric parameters. A comparison study to predict the differences in 3D 
and 2D formulations are presented. A series of parametric studies investigating 
various belt parameters like pitch size, thread thickness and the material type effects 
on the nonwoven fabric's thermo-fluid flow behaviour is anticipated. 
In the present study, two different 3D models based on the same theory are used. 
ANSYS® parametric design language is used to model the structures parametrically 
enabling the threads to be modelled exactly and to perform desired changes rapidly. 
The crimp factor is assumed to be equal to the radius providing a ,similar appearance 
with the real structure, whereas the periods are chosen to be as 4PI and PI. 
This enables to investigate the model in a unit section and in a larger scale. The larger 
scale will be used for comparison purposes with the 2D analyses, whereas the unit 
cell is used for providing a solution to investigate the thermo-fluid flow effect in the 
third dimension thoroughly, especially the thermal behaviour of the belt. 
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8.2.1 3D Micro Modelling of the Belt 
The CFD modelling of the 3D belt structure pauses a challenging problem. First of all 
topological and geometrical errors may occur in some sections of the model during 
importing the solid models visible as duplicate lines and key points due to the 
tolerances and practice i.e. the splined, extruded lines and or translation, reflection 
etc. These undesired additional errors could be corrected using automatic and manual 
clean ups. Even after the corrections the visually correct geometry can still provide 
problems for the CFD model. 
The computational domain requires an air domain in which the analysis is intended to 
be performed. From this air domain, the analysed solid belt structure and the porous 
medium i.e. the nonwoven structure has to be subtracted, such that the occupied 
volume ofthe subtracted structures retain. This is performed to enable the air to flow 
through the nonwoven web, and to render possible heat transfer between the air and 
the solid belt structure, which leads to another challenge i.e. to perform a conjugate 
heat transfer analysis using the CFD technique. During these subtraction 
disproportionally small geometric entities such as very small loops or lines, features 
or areas with disproportionate size in one dimension occur. To overcome these 
problems a macro for the parameterisation is written in a way creating directly one 
volume for each thread. The subtraction is performed in FLUENT®'s pre-processor 
GAMBIT®. The created 3D belt structure is illustrated in Figure 8.2. 
o 20 
Distance In Y·diredion [mm) 
.10 0 10 2Q 
Distance in x-direction [mm] 
Figure 8.2: 3D solid model of the belt 
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8.2.2 3D CFD Modelling of the Hybrid System 
The CFD analysis is performed by modelling the air domain surrounding the 3D belt 
solid structure and the porous nonwoven layer. Figure 8.3 illustrates the 
computational domain. 
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Figure 8.3: Computational domain consisting of air, belt and web 
Figure 8.4 shows the computational grid and the applied boundary conditions. The 
computational grid consists of 777683 elements build of triangular elements. A mesh 
of quadrilateral elements was not enabled due to the meshing problems mentioned 
previously. The mesh is finer resolved at the belt compared to the nonwoven fabric 
each having 299912 and 7291 elements respectively. 
Figure 8.4: Computational grid and applied boundary conditions 
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This enables the temperature distribution within the belt being well resolved. Due to 
the computer capacity, a finer mesh could not be maintained. The increase in 
elements size or refinement led to memory problems, because in order to stabilise the 
computation, refinement in the air domain was also needed. Because of the attempted 
conjugate heat transfer approach handling the fluid domain together with the solid 
regIOn I.e. the belt structure and fluid domain together limit the computational 
memory. 
The benefit of the conjugate analysis is that it enables to solve the energy equation 
within the solid region simultaneously with the airflow, thus the temperature 
distribution within the belt structure can be thoroughly investigated. Inlet boundary 
conditions are given as velocity (O.665mJs) and temperature (225°C). Outflow 
condition is given at the outlet; the front-rear and sides are specified as symmetry 
boundaries. 
Both the air domain and the solid domain are imported into FLUENT®. A grid 
interface utility is used to couple the two different domains i.e. the air and the belt 
region on the interface with congruent mesh on the interface. This prevents to define 
additional boundary conditions on the air-belt interface. No-slip conditions are 
applied on the walls of the belt. Because the continuum web is considered to be as 
porous media i.e. a special type of fluid domain, an additional interface is not needed 
to be defined. 
The computation is first performed within the intersection between the interface 
zones that comprise the boundary. The resulting intersection produces an interior 
zone where two interface zones overlap. The grid interface is exactly in the same 
shape as the belt threads. The heat transfer calculations for convection and conduction 
on the interface are carried out automatically by the solver using an iterative 
approach. Radiation is negligible when compared to convection and conduction; 
hence it is not used in the solution. 
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It is observed that an unconfonnal mesh results just in a solution of the flow field 
where as the calculations within the solid regions could not be perfonned because the 
nodes could not be overlapped. 
Due to the definition of the grid interface, a face zone can not share a non-confonnal 
interface with more than one other face zone, therefore the cross sections of the belt 
were separately grouped. The coupled grid interface is defined between the air 
interface and walls of the solid belt and another coupled grid interface is defined 
between the air interface and walls of the tips of the solid belt. 
8.3 CFD Results Comparison of 3D vs. 2D Approaches 
To compare and test the limits of a 2D analysis to a 3D approach, a conjugate heat 
transfer analysis using the CFD technique is perfonned using both approaches. The 
thennal and flow field behaviour of the hybrid system is investigated to understand 
the differences between the two approaches. 
8.3.1 Temperature Field Analysis 
Figure 8.5 shows the contour plot results of the temperature distribution of the surface 
plane obtained from the 3D analysis, and a 2D approach with the same constituent's 
dimensions including web, air domain, belt thread diameter, and their location in the 
computational domain. The rectangular area adjacent to the circular belt threads 
represents the boundary of the porous web domain. 
Boundary conditions consisting of inlet, outlet and symmetry together with the 
specified values are valid for both 3D and 2D analyses. The inlet and outlet distances 
are set to the exact positions as used in the 3D analysis. Hence the comparison is on 
the same scale to perform an exact comparison. The perfonned analyses are plotted 
such that the first plot presents the 3D analysis and the second one shows the result 
for the 2D analysis. The nonwoven web is under the conveyer belt threads 
highlighted in black boundaries. 
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Figure 8.5: Temperature contour plot comparison; t=2-4s for 3D and 2D 
The contour plots of the temperature profile reveal that in the first 4 seconds the belt 
temperature for both of the cases reaches around 85°C. The separation point of the 
flow shows similar behaviour however it is forced a little rear in the 3D case. 
According Saha et al. (2003) the separation points in flow over circular cylinders vary 
with the Reynolds number and hence they should be fixed in the present case at the 
leading front edges. But it is visible that three dimensional disturbances affect the 
flow distribution in the 3D analysis due to the flow interaction in z-direction causing 
the thermal boundary showing no more a symmetric shedding on the sides and varies 
in the wake behind the thread. 
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This is due to the different wavelength and the amplitude of the belt thread waviness 
introducing different degrees of geometric three-dimensionality in the wake as it was 
detailed in the work of Darekar et al. (2001). The effect of an introduced stagnation 
point on a wavy cylindrical structure causes different wake topologies for cylinders 
with the waviness at both the leading and trailing edge surfaces, which is the case in 
the presented 3I? analysis performed for a wave length of 4T. In contrast to the 
standard flow past a non-wavy cylinder as it is simulated in the 2D case, there are 
now two additional length scales, i.e. the wave length and the amplitude, introduced. 
The reason for the 3D disturbance effect is the pressure drop caused due to the wavy 
structure. In the experimental investigations of Lam et al. (2004) this effect was 
shown. The wavy structure leads to drag reduction and the fluctuating lift coefficients 
of the wavy cylinders result in lower values than that of the straight circular cylinders. 
As can be seen from the contour plots, the temperature of the porous web is affected 
from this waviness the most at the region in the wake behind the central thread. Due 
to the cut of the plane the central thread is on a position not as close to the web as the 
threads on either side. Therefore in the 3D case, the air is able to flow at this region as 
well from the z-direction whereas this is not the case in the 2D geometry. 
Figure 8.6 illustrates the contour plot results of the temperature distribution of the 
surface plane obtained from the 3D and 2D analyses for the instants 8s and 12s. 
Results show that the belt temperatures are in good agreement with each other. The 
nonwoven temperatures are similar except in the region of the wake behind the 
central cylinder. The convective effect decreases as the temperature in the 
computational domain approaches the air temperature. 
The gradient at the wake region under the central belt thread retains as visible in the 
previous time intervals suggesting that the flow behaviour at this region remains 
steady and is not affected over time. The air domain in the 3D case is at these instants 
showing a uniform distribution surrounding the wake regions whereas in the 2D case 
a clear boundary is visible. 
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This can be attributed to the flow in z-direction which as in all plots visible flows in 
higher temperatures among the belt threads causing as well the wake region being 
warmer and narrower compared to the 2D case. 
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Figure 8.6: Temperature contour plot comparison; t=8s-12s for 3D and 2D 
Figure 8.7 depicts the temperature distribution at 16s and 22.4s. The results for both 
the 3D and 2D analyses show a temperature value of approximately 174°C-175°C for 
the belt threads. The gradients within the nonwoven are visible where temperatures 
vary from 192°C at regions inside the wake of the belt up to the air temperatures. 
This is also visible at time 22.4 seconds where the temperature for the belt is 
approximately 195°C. 
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Figure 8.7: Temperature contour plot comparison; t=16s-22.4s for 3D and 2D 
From the predicted temperature values it is obvious that the 2D analysis provides the 
same results for the thermal behaviour of the belt as the 3D analysis, which suggests 
the use of the 2D case for parametric studies to make predictions of the thermal 
behaviour of the belt. 
The affects observed on the temperature distribution within the porous web in the 3D 
case shows that the 2D analysis could not capture the thermal effect of air in the wake 
behind the central belt thread. The differences in the flow behaviour are not crucial 
compared to the belt temperature values which are the main focus of the parametric 
studies in this chapter rather than the airflow through the system. 
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Therefore the compared 3D and 2D results for the belt support the use of the 2D 
model which as well saves significant computational time and effort compared to the 
3D model. Moreover, the difficulties in generating and analysing the 3D structure are 
additional issues suggesting the use of the 2D model instead of the 3D one. Hence 
parametric studies will be conducted using a 2D approach. Another reason to attempt 
the 2D approach is that no thermal gradients are visible within the steel belt thread, 
which is an expected issue due to the thermal conductivity order differences of the air 
and the steel material. A thorough investigation in 3D will be introduced as different 
materials are used and thermal gradients within the strucutre become important. 
8.3.2 Flow Field Analysis 
Figure 8.8 illustrates the velocity contour plots of the 3D and 2D analyses. The 
rectangular domain below the circular belt threads represents the boundary of the 
porous web domain. The contours of the plot are set to be continuous to visually 
better capture the fluctuations in the 3D analysis. 
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Figure 8.8: Velocity contour plots of 3D vs.2D analysis 
The re~ults show that in the 3D case the air velocity reaches higher values in the wake 
behind the threads and just a small region behind the closest point to the surface of 
the threads approaches to values very close to zero whereas in the 2D case this region 
is longer and is clearly visible extending till into the porous web. This shows clearly 
the contribution of the air flow in z-direction disturbing the flow and as mentioned 
previously supporting the ideas that the pressure gradient is lower in the 3D case 
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compared to the 2D case in which the effect of the waviness of the structure is not 
considered. Therefore, the air velocity values are higher and increasing rapidly after 
passing the body i.e. the belt hindering the flow. 
This also explains the higher temperatures in the wake behind the central thread. The 
zoomed in views comparing the velocity contour plots in Figure 8.9 depict this case 
in detail illustrating clearly that the region in the wake behind the belt threads reaches 
higher velocity values than it is predicted for the 2D case. 
3D 20 
Figure 8.9: Velocity distribution of the hybrid system in 3D and 2D 
together with a closer view of the central belt thread, web and the wake 
y 
h-x 
The wake is longer in the 2D case. The region with lower velocity values is wider 
than for the 3D analysis and passing through the whole porous web; whereas in the 
3D case the wake shows higher velocity values and at the same time is narrower. 
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8.4 Effect of Belt Material Type on the Hybrid System 
To control and achieve efficient bonding conditions, different material types of the 
belt are assessed. A 3D hybrid model comprising the fluid domain i.e. air, the discrete 
geometry of the belt, and the continuum nonwoven fabric is proposed. The conjugate 
heat transfer approach through CFD technique is used to analyse the thermo-fluid 
flow behaviour of the belt and its effect on the nonwoven web. The proposed belt 
materials in this study are steel, PEEK and aluminium. These are material types used 
by COLBOND bv. 
8.4.1 Computational Grid 
A representative geometrical unit pattern of the belt is chosen to reduce the size of 
each belt thread compared to the previous 3D structure, enabling to save 
computational effort. The belt geometry is sufficient to perform accurately a material 
effect analysis and still observe the thermal gradients within and around the undulated 
belt threads. A fine grid of 250437 elements is used for this analysis. The porous web 
is modelled beneath the belt structure assumed to be as a continuum media. 
8.4.2 Temperature Distribution of the 3D Hybrid Model 
This section discusses the numerically computed temperature distribution of the 
discretely modelled belt and the continuum web beneath it. Boundary conditions and 
the applied process conditions are the same as used for the previous 3D analysis. For 
comparison reasons the temperature contour scale is set for each time interval such 
that the minimum and maximum values of the three different analyses are considered 
and scaled to observe the contour differences within each time interval. 
It was previously shown that the 3rd dimension becomes important when thermal 
gradients within the structure become important, thus in this analysis this is depicted. 
Figures 8.1 0 and 8.11 show the numerically calculated temperature distributions 
predicted for 22.4 seconds simulation time, and illustrating instants from the analysis. 
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Aluminium 
12s 
Figure 8.10: Temperature contour plots of belt and 
nonwoven fabric; t=Os, 4s, 8s and 12s 
Predicted results show that at each instant the highest temperature rates are achieved 
for the PEEK construction. The temperature difference compared to steel is 
considerable. The nonwoven web is heated up faster in the case for PEEK and 
aluminium, whereas for each time instant the steel configuration results in lower web 
temperatures. The temperature gradient within the PEEK belt is noticeable. 
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PEEK Aluminium 
Figure 8.11: Temperature contour plots of belt and 
nonwoven fabric; t=16s and 22.4s 
Although, at time 22.4s the temperature difference compared to the aluminium 
construction is 6°C, it would be expected that the aluminium with a thermal 
conductivity of 202 W ImK, should be heated up to a higher temperature than the 
PEEK having a thermal conductivity of 0.25W/mK. This is due to the transient 
behaviour where the effect of the specific heat capacity plays an important role. The 
thermal conductivity of the used steel is 12W/mK, higher than that of the PEEK. But 
the specific heat capacity of the steel is 500 J/kgK whereas aluminium and PEEK 
have specific heat capacities of 871J/kgK and 1340 J/kgK respectively. 
Hence the temperature values are the highest for PEEK. The higher thermal 
conductivity values for the steel and the aluminium lead to uniform temperature 
distributions within the structure resulting in just a 1°C difference in the steel belt 
construction (min & max values of 196°C,197°C), but no thermal gradient within the 
aluminium structure (min & max values 213°C). The expectation of a greater thermal 
gradient when a low thermal conductivity material is used necessitates the use of a 
3D analysis in order to capture the temperature distribution along and within the belt 
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structure. The technical use of the conjugate heat transfer compared to an isothermal 
is seen in the results when PEEK is used as the belt material. An isothermal analysis 
can not capture the thermal gradients. 
The fInite thermal resistance inside the belt structure leads to variable temperature 
profIles in the interior region. The solution accounts for the belt wall and the interior-
exterior thermo-fluid flow. Hence this variation is visible. The thermal gradient 
within the PEEK structure is 4 QC. Figure 8.12 illustrates in detail the PEEK 
confIguration and the thermal gradient at 22.4s. 
~.::sr.o: :~+«:: 
2~+<C 
::.:~+CC 
:2 ':U..m 
:2"+(c 
'::';:M*O:: :2UO..c::! 
:.:Jio-+<t:2 
:~+<C 
z.nt·o;: :=.Ji'io(C 
2~+(c 
:=:::t+<C 
2~'o:': :::::e+CC 
:~+<r 
:': lp-+<tZ 
::::1.+0:2 
:.2 I.+<C 
z.=n .o,: \; 2:n-+o;..J .::~.o:: :.:ot+<C 
::::~+CC 
:=.t.+<r:! 
: . I9r+CC 
a) b) 
z.::sr ·(Q 
'::';:M*o:! 
'::":: tt oo.:! 
"::':::ttoO:: ::"::ttoO:: 
.::~ .o: 
2~·02 
.::~.o.:! 
.::~.Cl:!: 
Z'::: lt°O:: 
''::'::It*O;: 
;:';:It *O:: 
~=::r ="""0::.../ .::.::ct.o:: x 
~1<:k.O:: 
c) d) 
Figure 8.12: Temperature contour plot of PEEK belt configuration at 22.4s: 
(a), (b) different views of the belt threads; (c) and (d) zoom in views 
of the bottom and upper belt threads from contour plot (c) 
This difference is due to the low thermal conductivity of the PEEK material which is 
close to the thermal conductivity of the fluid domain i.e. the air. The temperature is 
lower at the contact point of the threads whereas the temperature of the parts 
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subjected to direct airflow is higher as expected. The thermal energy is conducted 
into the threads and transpOlied through the air domain via convection. The focus of 
this section is the belt therefore, the model is useful to visualise the temperature 
distribution within and along each belt thread. For this purpose the air domain is not 
visualised enabling a thorough investigation of the belt material and also the porous 
material below it. 
The low thermal conductivity ratios corresponding to the steel and aluminium belt 
threads are much higher than the thermal conductivity of the air, which results in a 
uniform temperature distribution within the belt threads. The thermal differences in 
the fluid are also small. The thermal resistance is exclusively outside the belt thread. 
As the thermal conductivity ratio between the air and the belt material is increased to 
0.16 by using PEEK, the temperature field in the fluid will keep the basic features 
exhibited by the case steel and aluminium is used. Besides the thermal boundary layer 
that was visible both in the previous 3D and 2D analyses, important changes are 
taking place inside the solid region of the thread. 
Owing to the increase in conductivity ratio which results in a decrease in the solid 
region conductivity and assuming that the conductivity of the air remains constant, 
the thermal resistance inside the solid thread becomes more important, and a 
temperature gradient in the thread becomes gradually established. The results 
correlate well with the arguments of Wang et al. (1996). 
He stated in his conjugate heat transfer analysis comprising convective cross flow 
over a cylinder array this issue for the conductivity ratio of 0.1 and 1 adding that if 
the thermal conductivity ratio became well above one corresponding to high fluid 
conductivity or low solid conductivity, the solid would provide most of the thermal 
resistance. Thus the temperature distribution in the fluid would remain uniform and 
the convection would not contribute much to the overall heat transfer. When the 
thermal conductivity ratio is well below one, the solid cylinders become isothermal 
and major thermal resistance remains in the fluid . 
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Again the contribution of the convection to the overall heat transfer in the fluid is not 
enough to offset the dominance of the high thermal conductivity of the solid cylinder. 
The effect of the convection which can be quantified by examining the distribution of 
the local Nusselt number is out of the scope of this parametric study and is not 
investigated further. 
The use of PEEK as belt material has shown in Chapter 7 to increase the temperature 
and at the same time reduces the temperature gradient within the nonwoven fabric. 
The difference when using steel is approximately showing minimum and maximum 
values of 213°C and 222°C whereas this gradient within the nonwoven reduces to 
4°C when PEEK is used and 8°C when Aluminium is used. 
The difference to the continuum approach is because the hybrid model has regions 
where it is directly subjected to air, whereas in the continuum approach the belt layer 
completely covers the web. From the results it can be observed once more that the 
web temperature uniformity of the heated nonwoven will increase as PEEK is used as 
belt material due to the reduced temperature gradient within the web. 
Figure 8.13 illustrates the vectors of thermal flow flowing through the hybrid 
structure. The view shows clearly the warmer zones of the nonwoven which is 
directly subjected to the hot air flow i.e. the mid region where no belt thread is 
preventing the air to flow through and the edges of the representative volume. 
Steel PEEK Aluminium 
Figure 8.13: Temperature vectors of different materials at time 22.4s 
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8.4.3 Velocity Distribution of the 3D Hybrid Model 
3D plots of the velocity vectors are illustrated in Figure 8.14. The velocity distribution 
obtained for the air at regions distant to the belt is consequently uniform and equal to 
the inlet velocity at any location of the plane section. 
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Figure 8.14: Different views ofthe planar velocity vectors of the 3D hybrid system 
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It is observed that the flow is typically separating around the cylindrical structure of 
the belt threads. Due to the forced flow the separation point is moved forward. The 
velocity vector plots reveal that the air velocity is approaching close to zero on the 
surfaces of the belt which is expected due to the applied no-slip conditions. The 
boundary layer forn1ing around the cylindrical structures is visible becoming larger at 
the rear stagnation point region. The effect of this behaviour on the thermal behaviour 
is low because the heat transfer rate is very low in the region of the rear stagnation 
point. This explains also the lower temperatures of the bottom parts i.e. the rear parts 
of the belt threads. 
The air velocity reaches higher values at the mid region between the belt threads due to 
the reduced flow area and because of the contact of the threads which forms an 
enclosure reducing the free flow path of the air; hence an increase in the velocity 
occurs. The highest values for the velocities are reached at this location. Therefore, on 
this path through the nonwoven the velocity values are close to those values achieved 
for the mid region of the belt, whereas the regions where the air is deflected and 
prevented to flow, the velocity values inside the nonwoven are also lower. Because 
when the air flows through the porous web it exerts a force equal and opposite to the 
drag force. This is due to the porosity affecting the free flow path of air. 
8.S Parametric Study using Conjugate Heat Transfer Analysis 
In this section a computational parametric study using CFD technique and applying a 
conjugate heat transfer approach is performed. To observe the thermo-fluid flow 
behaviour of the belt a 2D analysis is used. This enables the use of finer 
computational grids. The flow field around the belt threads is modelled with the axis 
of the cylindrical cross sections of the threads perpendicular to the direction of flow. 
A rectangular flow domain is created around the cylindrical threads in exact 
dimensions and distances from the cross sections as it was used for the 3D analyses. 
The principal focus of the present study is the unsteady laminar flow around and the 
thermal behaviour of the belt threads. Another focus is to understand the flow pattern 
and the thermo-fluid flow effect of different belt configurations and material types on 
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the nonwoven web. Therefore, a 2D continuum nonwoven layer is incorporated in the 
modelling process as well. The effects of pitch size and belt thread diameter on the 
thermal behaviour of the belt and the non woven web, as well as the flow field are 
investigated. 
8.5.1 Computational Grid 
To carry out the simulations with sufficient mesh resolution and with enough 
computational domains, a computational grid enabling to capture the effects of the 
variables that are of interest has been created. Moreover, this is accomplished such 
that the practical limits of the computational sources are not exceeded in order to 
provide an efficient and economic tool. 
The used grid consists of 16624 elements with a node number of 8500. The grid has 
been tested to produce grid independent results upon comparison of its web 
temperature and velocity profile predictions with those from a coarser and finer grid. 
Thus it is ensured that the solutions are well resolved. Because the approach does not 
consider the whole system the experimental temperature data from the previous 
section for the nonwoven web can not be used, hence the velocity and temperature 
plots are sufficient for a comparison. The coarser grid consists of 9488 elements and 
4878 nodes while the finer grid consists of 36774 elements and 18714 nodes. 
Triangle elements are used due to the circular structure of the belt and the interfaces 
which causes problems wh~n quadrilaterals are used . 
. The results of the grid independence test are shown in Figure 8.15 where the 
predicted web velocity magnitude and web temperature are compared to the 
predictions from all the three grids. The computations have been carried out using the 
conjugate heat transfer approach. The predictions from the medium (16624 elements) 
and fine (36774 elements) grids are indistinguishable and are slightly better than the 
coarser (9488 elements) grid. It is obvious that a fairly moderate refinement of the 
coarser grid to medium grid results in a slight improvement in the velocity field 
whereas no significant change in the temperature profile is noticeable. 
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Figure 8.15: Velocity and temperature profiles of nonwoven web for grid independence test 
Further refinement of the medium grid to the finer grid is certainly not justifiable as 
the differences are negligible if any. Hence the use of medium grid for all the 
calculations is justified. Figure 8.16 shows the velocity contour plots of the predicted 
results obtained from the medium and coarse grid. 
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Figure 8.16: Velocity contour plots for medium and coarse grid configurations 
As illustrated the mentioned small difference in the velocity profile is noticed above 
the circular belt threads. This leads to difference in the web velocity profile. It should 
be noticed that in the velocity contour plot the web is directly beneath the belt threads 
although it is not shown with its boundaries in the figure. For the performed analyses 
the larninar viscous model is again attempted because of the low velocities 
considered. 
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8.5.2 Effect of the Belt Thread Diameter 
The flow around cylinders has received considerable attention because of its inherent 
importance and practical significance in this parametric study. This flow depends to a 
great extent on the ratio T/d (T is the centre-to-centre cylinder spacing and d is the 
cylinder diameter) among many parameters like initial conditions and Reynolds 
number as stated by Wang et al. (2005). In the analyses performed in this section the 
parameter T is kept constant whereas the belt thread diameter is varied. The diameters 
are 1.2mm, 1mm and 0.8mm. 
Thus the ratios T/d used in this study upon the diameter effect are 5.23; 6.28 and 7.85 
respectively. Equal space between the threads in horizontal direction is considered, 
whereas the distance of the middle thread to the ones on the sides in vertical direction 
is equal to one diameter of the cylindrical belt thread. The uniform airflow is kept 
constant for all cases as 0.665m1s. The belt thread diameter effect on the belt thermal 
behaviour and the associated thermo-fluid flow effect on the nonwoven fabric are 
simulated. 
8.5.2.1 Flow Field Analysis 
The description of the flow field in this section is performed using velocity contour 
plots. A detailed flow analysis comprising the flow field will be performed in the next 
sections due to the low differences of the flow field behaviour that are expected in 
this section. The velocity distribution of the hybrid structure compared for the three 
different thread diameters are illustrated in Figure 8.17. 
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Figure 8.17: Velocity contour plot results of (a) 1.2mm; (b) Imm and (c) O.8mm belt threads 
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From the plots, a small vorticity is visible at the end points on the cylinder behind the 
laminar wake of the cylinder. The Reynolds numbers based on the thread diameters 
of 1.2mm, Imm and O.8mm are 21 , 18 and 14 respectively. These low values prevent 
a developed vortex to be formed; therefore the exact detennination of its boundaries 
is not of considerable importance. 
The velocity values of the air reduce as it approaches the surfaces of the cylindrical 
threads and approaches zero at the cylinder surface due to no slip conditions. The 
values increase slightly once the flow departs from the surface. The difference in the 
upstream and downstream regions is due to the pressure difference on each side. The 
pressure is positive upstream where as it becomes negative downstream from the 
cylinder causing the difference in velocity. 
The greatest difference appears when the downstream effect is combined with the 
porous media beneath the cylinders. As the diameter of the cylinders decreases, the 
region with decreased velocity values in the wake downstream the cylinders decrease. 
Furthermore, the wake length increases and exceeds the borders of the web for the 
highest wire diameter. 
The separation of the flow is more for the case with higher diameter which deflects 
the flow more due to having a slightly higher Reynolds number. As the diameter of 
the belt threads decreases, the object surface area hindering the airflow is reduced, 
therefore the nonwoven region subjected to airflow after the belt region reaches 
higher air velocities. 
8.5.2.2 Thermal Behaviour of the System 
In order to investigate the thermal response to change of belt thread diameter, the 
temperature distribution of the system is simulated. The temperature field in the wake 
of the heated cylinders is obtained to observe the effect of the flow field. Moreover 
the focus of the analyses is the thermal behaviour ofthe belt and the nonwoven web. 
Figure 8.18 shows the calculated temperature field at the 4th second for the whole 
computational domain and the close up view of the middle belt thread 
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(circular region) and the nonwoven web illustrated by its upper and lower boundaries 
representing its thickness. 
4s 4s 
Figure 8.18: Temperature contour plots of CFD domain 
and its close up for the middle belt thread at t=4 seconds 
4s 
From the illustrated temperature plots the blockage effect on the flow behaviour is 
better visible. The increase in diameter causes more deflection and a greater 
separation at the wake downstream the belt threads within the flow field. This results 
in lower temperatures at the regions beneath the belt threads. This is clearly visible 
from the close up views. 
The wake regIOn of the smaller diameter reaches higher temperatures and 
consequently the nonwoven web temperatures are higher in this region compared to 
the results of the thicker diameter wire mesh. The belt temperature increases faster 
when thinner material is used despite the same pitch (space between the threads). 
Figure 8.19 shows the temperature distribution at t=8s. 
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8s 8s 8s 
Figure 8.19: Temperature contour plots of the hybrid model at t=8s 
The belt temperature of the thinnest diameter reaches a temperature of 170°C, which 
is expectedly greater than the other two. The nonwoven approaches the desired values 
despite the blockage of the thinner belt wire. The temperature variations within the air 
domain decrease for the thinner belt at instant 12s [Figure 8.20]. 
12s 12s 
Figure 8.20: Temperature contour plots for t=12s 
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The configuration for the thicker belt thread in comparison shows still higher thermal 
variations. The nonwoven web is affected from this as seen due to the reduced 
thermal gradient occurring within the region behind the wake. The thermal gradient 
for the thicker configurations is still retaining at higher values. The temperature 
difference between the configurations is important, especially when the energy 
efficiency is considered. 
The [mal plots of the temperature distribution of the hybrid system and the zoomed 
views of the central belt thread are illustrated for the time t=16s and 24.4s in Figure 
8.21 and Fig.8.22 respectively. 
16s 16s . 16s 
Figure 8.21: Temperature contour plots for t=16s 
The results reveal that the temperature distribution for the thinner belt thread reaches 
temperatures at the wake behind the cylinder closer to the environment temperature, 
whereas the thicker configurations retain at varying temperatures. Furthermore, the 
use of thinner belt threads leads to reduced belt heating up times and at the same time 
a better heating up of the nonwoven fabric. 
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22.4s 22.4s 22.4s 
Figure 8.22: Temperature contour plots for t=22.4s 
The belt is heated to higher temperatures and the thermal gradients within the 
nonwoven fabric are reduced which leads to faster and more uniform heating of the 
web. For the thermal flow behaviour it is obvious that a laminar boundary layer 
develops from the front stagnation point and grows in thickness around the cylinder. 
The difference in temperature for this boundary layer is less when thinner belt 
configurations are used. The separation of the laminar boundary takes place when the 
low velocity fluid close to the belt wall can no longer overcome the adverse pressure 
gradient over the rear portion of the belt thread and the flow stalls forming a tiny 
region showing a slight reverse flow close to the surface. Zukauskas (1972) studied 
how this process varies with the Reynolds number. 
When the Reynolds number is smaller than 1 inertia forces are negligible relative to 
the viscous forces and laminar boundary separation takes place at the rear stagnation 
point. When the Reynolds number is greater than 5, the laminar boundary layer 
separates from the cylinder before the rear stagnation point and symmetrical stable 
vortices are formed behind the cylinder. In the case of Reynolds numbers higher than 
40, stability is lost and vortices are shed from the rear of the cylinder. The Reynolds 
number of the flow determines both the thickness of the laminar boundary layer and 
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the point at which it separates from the cylinder. Considering that the Reynolds 
number are 21 , 18 and 14 in this simulations, the results correlate well with the 
arguments. It is clear that the porous layer representing the nonwoven web has not 
significantly affected the flow through it. This is due to the high porosity of the 
material which is 0.88. 
8.5.3 Effect of Belt Pitch Size 
The current section comprises the unsteady laminar flow through the proposed 2D 
model. The thermo-fluid flow is investigated for different gap ratios (T/d) with the 
focus of keeping the diameter of the belt threads constant but varying the distances 
between each thread. The porous web is kept under the same conditions as it was 
used in the previous parametric study. The diameter for the belt thread is kept as 
1.2rnm and the gap ratios (T/d) used are 5.23 ; 3.98 and 2.73 for the centre-to-centre 
cylinder spacing distances of 6.28,4.78 and 3.28 respectively. 
The impingement of the previously shed upstream vortices on other downstream 
structures will also affect the flow about those downstream structures as well as the 
forces acting upon them, and indeed the proximity of adjacent structures will also 
affect the shedding of the initial vortices (Sayers 1990). 
The work of Spivack (1946) points out that the gap ratio could lead to the formation 
of single or multiple wakes. Kiya et al (1980) investigated the wake behaviour 
downstream of circular cylinders and observed that the characteristics of the wake 
were significantly related to the arrangement patterns of the cylinders. 
The current study investigates the flow process between the cylinders considering a 
porous web beneath the cylindrical structures and the arrangement of one cylinder is 
as before. The aim is to obtain qualitative and quantitative information on the 
downstream flow characteristics of this arrangement of cylinders with equal thread 
diameter in hot airflow and considering the porous structure beneath it. The thermal 
behaviour of the belt and the non woven is another focus of the study providing 
information about the through air bonding process performed under different belt 
configurations, which is of primary importance. 
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8.5.3.1 Flow Field Analysis 
In the current study the flow field of the system is described by plotting the velocity 
vectors, the line contours of the velocity field and the patterns of the vorticity 
contours. The velocity distribution of the system using velocity vectors and contour 
line plots is illustrated in Figure 8.23. 
a) b) c) 
Figure 8.23: Velocity vectors and contour line plots for gap ratios (T/d) 
of 5.23 (a); 3.98 (b) and 2.73 (c) 
The velocity vectors show at the outflow region that the flows for the 5.23 and 3.98 
T/d ratios exhibit a similar behaviour. The air flow on both sides of the cylinders is 
similar to a single cylinder flow because of the flow pattern represents deflections for 
three cylinders. The vector plots indicate that a single wake regIOn occurs 
downstream of each cylindrical thread. 
This is expected because the Reynolds number is still only 21 and the flow shows 
steady behaviour. The contour line plots show very clearly the three paths for each 
flow around the threads. As the gap ratio (pitch) reduces the wake for the central 
thread gets narrower and the symmetry of the contour lines on each side of the outer 
threads depart. As the ratio reduces to 2.73 the flow on both sides of the outer threads 
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are directed towards the central cylinder. Their deflection angles are nearly identical. 
The wake region is much shorter compared to the higher ratios and it is significantly 
nalTower when compared to the ratio of 5.23. This indicates that as the gap increases, 
the size of the wake regions downstream of the cylinders increases to the size of the 
wake region of single cylinder cases. This correlates well with the arguments and 
analyses performed for multiple cylinders subjected to flow in the study of Akilli et 
al. 2004. Figure 8.24 depicts the patterns of vorticity contours of the three different 
gap ratios. 
a) b) 
Figure 8.24: Patterns of vorticity contours for gap ratios (T/d) 
of 5.23 (a); 3.98 (b) and 2.73 (c) 
c) 
Due to the low Reynolds number, the flow has two symmetric closed separation 
bubbles. As the pitch decreases due to the interaction in the flow field, the symmetry 
in the cylinder wake region changes. The outer threads are deflected towards the 
wake of the central cylinder causing the narrow and short wake flow region of the 
central thread. 
When the gap ratio is increased to 3.98, symmetrical flow patterns, wide wake 
regions of approximately equal size are obtained. The size of the wake regions which 
appear downstream of the central cylinders at pitch sizes of 3.98 and 5.23 are nearly 
equal to each other. This correlates with the arguments given in the literature that for 
Reynolds number <40 the flow is stable, symmetric and the wake region shows 
symmetric behaviour. 
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8.5.3.2 Temperature Field Analysis 
The temperature distribution of the predicted simulations at the 4th second is 
illustrated in Figure 8.25. The contour plots comprise the air domain, the solid belt 
threads and the porous web presented in the rectangular boundary. The zoomed plot 
shows the central belt thread. Each three plot is equally scaled. 
b) 
Figure 8.25: Temperature contour plots for gap ratios (T/d) of 5.23 (a); 3.98 (b) and 2.73 (c) at 
t=4s 
The comparison of the results for the three gap ratios show that due to the thermal 
conductivity difference between the steel and the air, the temperature field within the 
solid region is uniform and the thermal boundary layer is as well visible around the 
vicinity of the cylindrical belt threads. The thermal resistance is outside the cylinder 
region. 
The convective contribution compared to the overall heat transfer is not enough to 
overcome the high thermal conductivity of the steel and hence the distribution within 
the belt is for all three cases uniform. Figure 8.26 shows the results predicted for the 
8th and 12th seconds. 
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8s 
12s 12s 
Figure 8.26: Temperature contour plots for gap ratios (T/d) of 5.23; 3.98 and 2.73 at t=8s-12s 
The results depict that due to the deflection of the flow of the outer threads towards 
the wake of the central thread for the case with a gap ratio of 2.73 causes an 
asymmetric flow behaviour and results in different heating of the cylinders. This 
difference is 2°C causing the contour plot to be visible in a brighter colour at 159°C. 
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The temperatures for the mid gap ratio are more uniformly distributed and are in the 
same range reaching maximum 158°C. The temperature values reached at the highest 
pitch have a maximum of 157°C. Considering the low Reynolds numbers the 
difference in the effect of the pitch size on the thermal behaviour is less compared to 
the flow behaviour. 
The web on the other hand is nearly not affected when considering the minimum and 
maximum values. All three cases approximately show a minimum value of 188°C 
and a maximum of 225°C. But considering the distribution, large differences are 
visible due to the distance differences among the belt threads. The more the gap ratio 
increases the more the regions with higher temperatures of the web are visible, as 
expected. Figure 8.27 illustrates the air and material temperature distribution at the 
16th second of the predicted results. 
Figure 8.27: Temperature contour plots for gap ratios (T/d) of 5.23; 3.98 and 2.73 at t=16s 
The temperature distribution at t= 16s shows a similar behaviour i.e. a slight 
difference between the belt threads for the lowest gap ratio. At this time the range is 
between 175°C and 179°C therefore, again the different colour which the interval is 
starting at 178°C. The maximum temperatures achieved for the middle gap ratio is 
178°C showing again a difference of 1°C like the predicted results for t=8 seconds. 
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The temperature of the belt thread for the highest gap ratio is dropping one more 
Celsius and reaching 177°C. The thermal gradient in the porous web in x-direction is 
reduced for the lowest pitch case in a way that when compared to the middle and high 
gap ratios the web has no more high gradients when the wake region behind the 
threads and the free regions between the threads are compared. Figure 8.28 shows the 
results predicted for the instant 22.4s. 
Figure 8.28: Temperature contour plots for gap ratios (T/d) of 5.23; 3.98 and 2.73 at t=22.4s 
The plots show that the belt reaches for the lowest gap ratio (pitch) a maximum of 
approximately 200°C. The minimum value is predicted to be 196°C. These values are 
predicted as 195°C and 198°C for the middle gap ratio, and 196°C and 197.5°C for 
the higher gap ratio respectively. Summarising the thermal behaviour analysis reveals 
that the thermal behaviour of the belt is less affected by pitch size rather than the flow 
field distribution. 
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8.6 Conclusions 
The previous chapters concluded that the belt is the most important machine 
component affecting the thermal bonding process. In this chapter a thorough 
understanding of the conveyer belt was aimed by modelling discretely its geometry to 
~xploit its geometrical exact affect on the belt and the nonwoven's thermal behaviour. 
A hybrid model approach composing of discrete belt and continuum phase porous 
web was presented. A conjugate heat transfer approach was introduced to investigate 
the thermal behaviour of the solid belt. 
A comparison study to predict the differences in 3D and 2D formulations was 
presented. It was shown that the 2D model provides accurate results for the belt 
temperatures, which suggests the use of the 2D case for parametric studies. However, 
it was shown that the 2D case could not capture the thermal effect in the wake behind 
the central belt. This is due to the three dimensional flow disturbances which affect 
the flow distribution in z-direction causing the thermal boundary showing no more a 
symmetric shedding on the sides, and varying in the wake behind the thread. The 
reason for this behaviour is the different wavelength and the amplitude of the 
waviness introducing different degrees of geometric three dimensionalities in the 
wake. 
The differences of the flow behaviour are not crucial compared to the belt 
temperature values which were the main focus of the parametric study rather than the 
airflow through the system. The temperature distribution within the belt becomes 
even more important when low thermal conductivities were used as belt material. A 
3D parametric study investigating the material type effect of the belt was performed. 
Steel, PEEK and aluminium were used in the simulations. Results revealed that the 
temperature distribution within· the steel and aluminium belt cases were uniform, 
whereas the results for PEEK configuration showed thermal gradients. This was 
attributed to the low thermal conductivity ratios corresponding to the steel and 
aluminium belt threads being much more conductive than the air thermal 
conductivity, thus the temperature in the belt threads being uniform. 
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The results confinned that under the current process conditions, the quality of the 
heated nonwoven would increase when PEEK was used as belt material, due to the 
decreased temperature gradient within the web. It is noticeable that the thennal 
gradients within the belt structure could be visualised due to the conjugate heat 
transfer approach. An isothennal approach used mostly could not capture this effect 
hence the thennal behaviour would not present the real case. 
A parametric study has been presented to investigate the unsteady laminar flow 
around and the temperature distribution of belt threads. An understanding of the flow 
pattern and the thennal behaviour effect of different belt configurations and material 
types on the nonwoven web has been depicted. The effects of belt thread diameter 
and pitch size were presented. The results for the diameter effect showed that velocity 
differences are visible on back and upward sides of the cylindrical belt threads. This 
is due to the pressure difference on each side. 
The greatest discrepancy appeared when the downstream effect was combined with 
the porous media beneath the threads. As the diameter of the threads decreased, the 
region with decreased velocity values in the wake downstream the threads decreased. 
Furthennore, the wake length increased and exceeded the borders of the web for the 
thickest diameter. The separation of the flow is higher for the case with thicker 
diameter which deflects the flow more; hence the velocity distribution inside the web 
in x-direction is affected. As the diameter reduces, the object surface area hindering 
the airflow is reduced, therefore the nonwoven region subjected to airflow after the 
belt region reaches higher air velocities. 
The thennal response to change of belt thread diameter revealed that the diameter 
increase causes more deflection and a bigger separation at the wake downstream the 
belt threads within the flow field. The respond of the temperature field is directly 
proportional with this. The wake region of the thinner diameter is heated up more and 
hence the most important outcome is that the nonwoven web is heated up more in this 
region compared to the results of the thicker diameter leading to higher temperatures. 
The belt temperature increases faster when thinner material is used despite the same 
space between the threads. Considering the same porosity of the belt structure, for an 
optimised belt design, the results suggest the use of a thinner belt thread construction, 
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which would lead to reduced belt heating up times and at the same time a better 
heating up of the nonwoven fabric. The belt would be heated up to higher 
temperatures as well as thennal gradients within the nonwoven fabric are reduced 
which will lead to improved product qualities. For the thermal flow behaviour it is 
obvious that a laminar boundary layer develops from the front stagnation point and 
grows in thickness around the thread. The difference in temperature for this boundary 
layer is less when thinner belt configurations are used. Despite the porous layer it is 
shown that the effect of the nonwoven web has not significantly affected the flow 
through it. This is due to the high porosity of the material. 
The parametric study results for the pitch size effect provided qualitative and 
quantitative infonnation on the downstream flow characteristics of different 
arrangements of belt threads with equal diameter. Results showed that as the gap ratio 
reduces the wake for the central thread gets narrower and the symmetry of the 
contour lines on each side of the outer threads depart. The wake region is much 
shorter compared to the higher ratios and it is significantly narrower. This indicates 
that as the gap increases, the size of the wake regions downstream of the threads 
decreases to the size of the wake region of single cylinder cases. 
The vorticity pattern results showed that as the gap ratio decreases due to the 
interaction in the flow field the symmetry in the thread wake region changes. The 
outer threads are deflected towards the wake of the central thread causing the narrow 
and short wake fl~w region of the central thread. The thermal behaviour results 
showed that due to the deflection of the flow, asymmetric flow behaviour occurs and 
results in different heating of the threads. Considering the low Reynolds numbers the 
difference in the effect of the pitch size on the thennal behaviour is less compared to 
the flow behaviour. 
The web on the other hand is nearly not affected when considering the minimum and 
maximum temperature values within the web. But considering the distribution, large 
differences are visible due to the distance differences among the belt threads. The 
more the gap ratio increases the more the regions with higher temperatures of the web 
is visible, which is an expected case due to the change in porosity and the associated 
free flow path of the air. 
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The developed parametric model is concluded to be an innovative computational tool 
providing invaluable information of the thermo fluid flow behaviour of the belt 
component and its affects on the nonwoven web. The model can be used for the 
optimisation and customer specified mesh wire designs, thus analogue it can be used 
in the design and optimisation of the drum cover as well. The model enables rapidly 
to parameterise and construct the belt component with desired geometric properties. 
Using the model geometric effects such as the pitch size, thread diameter, amplitude, 
as well as material properties like density, specific heat capacity and thermal 
conductivity can be investigated. 
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Conclusions and Future Recommendations 
The entitled research "Numerical Modelling of Non woven Thermal Bonding Process 
and Machinery" comprises a novel approach in modelling the thermo-fluid flow 
behaviour of thermally bonded nonwoven fabrics. Despite its advantages such as the 
product versatility with wide-ranging properties, the thermal bonding process has the 
disadvantage of relatively high energy consumption. In particular during the process, 
three problems of engineering interest are addressed: Air flow through the machine 
layers and the nonwoven web; heat transfer to the web, melting of the web material; 
and air moisture transport. It is therefore, essential to evaluate the optimum flow 
condition and heat transfer from the hot air flowing through the machine components 
and the permeable web. 
The main objective of this present work is to develop, test and implement a 
computational model, to optimise the process and product of the thermal bonding 
technology in order to improve production capacity and energy efficiency. To 
complete the research, experimental investigations, mathematical modelling and 
computational fluid dynamics analyses based on thermo-fluid flow and conjugate heat 
transfer have been performed. 
The thermal bonding process is a complex system composing of several components 
and various physical phenomena occurring during the thermal bonding of nonwovens. 
To optimise the process and product quality, the complex system is simulated using a 
hierarchical methodology. More specifically a hierarchical decomposition procedure 
to recast the original multi scale problem as a sequence of three scale decoupled 
macro-, meso-, and micro scale sub problems is exploited. 
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9.1 Conclusions 
The major outcome ofthe research is elucidated as follows: 
9.1.1 Experimental 
Experimental techniques are used to determine varIOUS materials and process 
parameters used in the thermal fusion bonding process and machinery. The air 
velocity is measured with a rotating vane anemometer in axial and radial direction of 
the machine. Results show that flow variations within the machine are visible, which 
are. attributed to the design of the machine causing variable flow behaviour in a 
specific flow pattern. The thermal conductivity of nonwoven structures is studied with 
a heat conduction unit. Results provide the effective thermal conductivity values for 
fabrics of different thicknesses. 
Air permeability tests are performed to calculate the viscous, inertia resistances and 
the porosities of the system components. The nonlinear flow behaviour of the 
machine components and the nonwoven fabric is concluded The experimentally 
determined flow resistance integrated in the momentum equation of the flow solution 
enabled to consider the nonlinear flow behaviour of the system components and thus 
model the deviations from the Darcy regime and incorporate the Forchheimer flow 
regime describing the transient flow from laminar to low turbulent in porous media. 
The results of the experimental measurements are used to supply appropriate 
boundary conditions for the computational fluid dynamics (CFD) simulations and 
provide data for the verification of the numerically calculated results. Finally surface 
temperature measurements have been performed on a pilot scale machine at 
COLBOND bv. J type thermocouples are used. Measurements have been carried out 
and the temperature distribution of the nonwoven fabric co~ld be plotted over time. 
Results provide data to verify the predicted simulations of the macro scale continuum 
model. The results of the analyses revealed that the current process conditions led to 
thermal gradients inside the nonwoven showing hotter zones on the top surface i.e. 
the conveyer belt side. This explains the harder surface of the fabric on the belt side 
observed in practice. 
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9.1.2 Macro Model 
At macro scale level, 2D and 3D computational fluid dynamics (CFD) models based 
on the continuum modelling approach were developed to treat the flow behavior, heat 
transfer and air moisture transport of the whole through-air bonding system. The 
results were validated using experimental measurements. Based on the comparative 
analysis it was shown that proper conclusions about the correspondence between the 
2D, 3D approaches and the experimental measurements was obtained. Furthermore, 
the use of a 2D version of the model for parametric studies and optimisation of the 
through air bonding process was concluded to be satisfactory. 
The results of the analyses performed for the current pilot machine at COLBOND 
revealed that the current process conditions led to thermal gradients inside the 
nonwoven showing hotter zones on the top surface i.e. the conveyer belt side. This 
explained the harder surface of the fabric on the belt side observed in practice. The 
heat content analyses showed that the belt consumed the highest heat amount during 
the process and that the use of low density materials like PEEK and aluminium could 
decrease the heat consumption of the belt. 
The effect of the air moisture content results revealed clearly that higher energy 
consumptions occur due to the amount of air moisture. The higher rates are due to the 
relationship of the enthalpy and the heat transfer rate. The water vapour requires more 
heat than dry air to raise its temperature further. The difference in winter and summer 
conditions showed that the air moisture content has no influence on the temperature 
distribution of the nonwoven web. 
To investigate and optimise the thermal bonding process for higher production rates 
and energy efficiency, the macro model is concluded to be an economIC 
computational tool. The model provides rapid process control and valuable 
information early in the process, which can replace costly experiments and ensure 
product consistency under variable process and climate conditions. The model 
enables to investigate the effects of material properties and process parameters on the 
bonding process. Material properties such as thermal conductivity, thickness, 
porosity, density and specific heat capacity can be considered. Process parameters 
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like air inlet velocity, air temperature, air moisture content, belt speed and bonding 
time can be parametric ally investigated. 
Using the flexible optimisation opportunities provided by the CFD technique, two 
comprehensive parametric CFD studies to aid in the optimisation of the thermal 
bonding process were performed. The study comprises the process conducted on the 
pilot machine at COLBOND. The proposed 2D macro model based on the porous 
media concept was used to study the effects of several operating, design, and material 
parameters on thermal bonding performance. Detailed analyses of thermo-fluid flow 
behaviour of the nonwoven fabric under various conditions were conducted. An 
experimental design plan (DOE) based on numerical results was set up. 
In the first numerical parametric study, the bonding time of the nonwoven fabric and 
the web energy absorption rate were studied with respect to their dependence on five 
factors each set at two levels: Air inlet velocity, air temperature, fabric porosity, 
conveyer belt porosity, and drum cover porosity. Results revealed that the air velocity 
has the greatest effect on the bonding time, thus for higher production rates the 
increase i.n air inlet velocity would be of advantage. This indicates a higher conveyer 
belt speed capability. As an alternative the use of a conveyer belt with higher porosity 
rates would lead to higher production rates. This could be achieved with just a slight 
increase in the total energy absorption by the nonwoven. Thermal gradients within the 
nonwoven could be improved which would lead to a better product design. The 
energy consumption is not the sole issue and even not the central one. Instead, 
obtaining elevated rates of performance are often more important. 
Another important outcome of the study was the negligible influence of the drum 
cover porosity on the bonding time. The effect analysis supports this issue by 
presenting the drum cover porosity as not being a parameter significantly effecting the 
bonding time. The predicted results showed that the belt porosity has a significant 
effect on the bonding time compared to the drum cover porosity. But as seen from the 
results of the detailed data of the parametric study and also of the effect analysis, the 
air inlet velocity has the highest impact on the bonding time. This is attributed to the 
heat transfer coefficient, which is directly proportional to the velocity. 
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A parametric study to investigate the effect of the belt and drum cover material type 
on the thermal bonding process was presented. The materials selected for the 
conveyer belt and the drum cover were matched combinations of steel, PEEK and 
aluminium. Those are potential materials used on the pilot machine at COLBOND. 
Considering no additional change in process conditions or configuration, in general 
from the analyses it could be concluded that the use of PEEK as drum cover material 
enables a significant improvement of the thermal gradient which is present within the 
nonwoven fabric, whereas the use of aluminium does not give any significant 
improvement. 
This was attributed to the higher specific heat capacity of the PEEK material 
compared to steel and aluminium. From the definition of the specific heat capacity it 
is obvious that the drum cover with higher specific heat capacity (PEEK) gains more 
heat, thus achieves higher temperatures. This increases the temperature of the drum 
cover side of the nonwoven, hence reducing the thermal gradient within the web and 
the bonding time of the nonwoven in general. The impact of improvement was low 
when aluminium was chosen. 
9.1.3 Meso Model 
At the meso scale level, the CFD results from the macro model were incorporated as 
boundary conditions into the CFD model consisting of the sole nonwoven layer. The 
model showed the capability to investigate the phase change during heating of the 
thermoplastic fibres. The model considers the fibres' geometrical information and 
constitutive equations describing the material behaviour. The approach considers the 
fibre thickness, sheath fraction, and thermo physical properties like melting 
temperature, latent heat of fusion and the liquid fraction enabling the assessment of 
different fibre types, and to determine the properties of the fabric. To investigate the 
influence of the fibre properties on the bonding process and in particular the melting 
process, a computational process optimisation was performed using the 2D meso 
scale mode'1. 
For the analyses bi-component fibres that have two different polymer phases in their 
cross-section were considered. The sheath-core fibres were investigated in terms of 
fibre diameter, sheath fraction and the porosity of the fabric. 
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The results showed that the effect of fibre diameter had no influence both on the 
temperature profile and on the melt fraction of the used bi-component fibres. 
Furthermore, the results depicted that the temperature profiles were the same for the 
given boundary conditions, whereas an increase in sheath fraction caused a decrease 
in melt fraction. This is due to the higher amount of mass which needs to absorb more 
energy to result in the same amount of melt fraction. 
The predicted results for the porosity effect showed clearly that the web porosity has 
the most significant effect on the melting process among the considered parameters. 
The web temperature values are higher for higher porosities due to the higher free 
path of air flowing through the fabric, as well as the lower amount of mass to be 
heated. 
9.1.4 Micro Model 
The micro scale level, investigates the conveyer belt that reaches the highest 
temperatures, and heat consumption rates. It has a main effect on the thermal bonding 
time and heat consumption, hence a direct effect on the production rates and energy 
efficiency during the bonding process. Therefore, an attempt has been shown to 
discretely model the belt geometry in order to exploit its geometrical exact affect on 
the belt and the nonwoven's thermal behaviour. For this purpose, a hybrid model 
approach composing of discrete belt and continuum phase porous web was presented 
in 2D and 3D. A conjugate heat transfer approach was introduced to investigate the 
thermal behaviour ofthe solid belt. 
A comparison study to predict the differences in 3D and 2D formulations was 
presented. It was shown that the 2D model provides accurate results for the belt 
temperatures, which suggests the use of the 2D case for parametric studies. A 3D 
parametric study investigating the material type effect of the belt was performed. 
Steel, PEEK and aluminium were used in the simulations. Results revealed that the 
temperature distribution within the steel and aluminium belt cases were uniform, 
whereas the results for PEEK configuration showed thermal gradients. This was 
attributed to the low thermal conductivity ratios corresponding to the steel and 
aluminium belt threads being much more conductive than the air thermal 
conductivity, thus the temperature in the belt threads being uniform. The results 
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confirmed that under the current process conditions, the quality of the heated 
nonwoven would increase when PEEK was used as belt material, due to the decreased 
temperature gradient within the web. 
A parametric study has been presented to investigate the unsteady laminar flow 
around and the temperature distribution of belt threads. An understanding of the flow 
pattern and the thermal behaviour effect of different belt configurations and material 
types on the nonwoven web has been depicted. The effects of belt thread diameter and 
pitch size were presented. 
The results for the diameter effect showed that velocity differences are visible on 
back and upward sides of the cylindrical belt threads. This is due to the pressure 
difference on each side. As the thread diameter reduces, the object surface area 
hindering the airflow is reduced, therefore the nonwoven region subjected to airflow 
after the belt region reaches higher air velocities. The thermal response to change of 
belt thread diameter revealed that the diameter increase causes more deflection and a 
bigger separation at the wake downstream the belt threads within the flow field. 
The response of the temperature field is directly proportional to this. The wake region 
of the thinner diameter is heated up more and hence the nonwoven web is heated up 
more in this region compared to the results of the thicker diameter leading to higher 
temperatures. The belt temperature increases faster when thinner material is used 
despite the same space between the threads. Considering the same porosity of the belt 
structure, for an optimised belt design, the results suggest the use of a thinner belt 
thread construction, which would lead to reduced belt heating up times and at the 
same time a better heating up of the nonwoven fabric. 
The parametric study results for the pitch size effect provided qualitative and 
quantitative information on the downstream flow characteristics of different 
arrangements of belt threads with equal diameter. Results showed that as the gap ratio 
reduces the wake for the central thread gets narrower and the symmetry of the contour 
lines on each side of the outer threads depart. The wake region is much shorter 
compared to the higher ratios and it is significantly narrower. The vorticity pattern 
results showed that as the gap ratio decreases the outer threads are deflected towards 
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the wake of the central thread causing the narrow and short wake flow region of the 
central thread. The thermal behaviour results showed that due to the deflection of the 
flow, asymmetric flow behaviour occurs and results in different heating of the 
threads. 
The developed parametric model is concluded to be an innovative computational tool 
providing invaluable information of the thermo fluid flow behaviour of the belt 
component and its affects on the nonwoven web. The model can be used for the 
optimisation and customer specified mesh wire designs, thus it can be also be used in 
the design and optimisation of the drum cover as well. The model enables rapidly to 
parameterise and construct the belt component with desired geometric properties. 
Using the model geometric effects such as the pitch size, thread diameter, amplitude, 
as well as material properties like density, specific heat capacity and thermal 
conductivity can be investigated. 
9.2 Future Recommendations 
The thermal fusion bonding process investigations can be extended in several ways 
including experimental, mathematical and computational approaches. The flow 
pattern inside the machine could be visualised with modem particle image velocity 
meter technique or the thermal behaviour could be plotted using thermal cameras. 
Flow visualisations can also be attempted using a wind tunnel and representative 
samples within the set up. 
The melting process could be visualised using high-speed cameras made of 
temperature resistant materials like titanium which are on the market. The 
mathematical modelling could comprise nonlinear enthalpy formulations to 
investigate if any difference in liquid fraction is obtained compared to a linear 
approach. Despite computational inefficiency a discrete modelling of the fibres could 
be performed and compared to the results obtained from the porous media approach. 
Thermo mechanical analyses can be performed using coupled solvers and the 
proposed models. 
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